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eee under the supervision of the Staff, sometimes by .research fellows. as 
graduate work, sometimes-by members of the instructional staff of the 
3 College of Engineering, but'1 more fe Feosoep ty by investigators belonging. : 
ze. to the Station corps. ‘ ape 
irae - The results of these San are Siidiched in the fone 3 
eae ‘balleting, which record mostly the experiments of the Station’s own staff “a 
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oS are merely arbitrary numbers and refer to the general publications of © 
the University of Illinois; either above the title or below the seal is given — 
the number of the Engineering Experiment Station bulletin. or cireulas “# 
- which should be used.in referring to these publications. , 
For copies of bulletins, circulars, or other information address. { 
Engineering Experiment Station, Usbang, Illinois. : 


$n. s- 
aoe 


oe RIT = Y igs ILLINOIS 


APRIL, 1915 


A STUDY OF BOILER LOSSES 


ors ASR, KRATZ, ASSISTANT IN MECHANICAL ENGINEERING, , 
pees SEBRING EXPERIMENT STATION 


lines CONTENTS ne ss 

BE aE TION Gr ooo Sloe ses i ote cence sid c clesaecn. 3 : 

SIT TOTES aid A | nr 3 bs 

PrP OMERMOW ICO PINCRIS! <2 E os iicin ds wee cc ve eee bese caves 3: oGa 
We PHANT ©. ...2....+.. Seda a ged RL eS ere ag 4 
STIL po age Sy ek a 4 
ol LESS St Es 209 Sie gn 6 
CHOTA IMPUAIONS: Ge dis wlecisha.n's bso a's s Saal anes Pee 6 
etl, Meriops or CONDUCTING TESTS.........0.0. ccc cecceees i 
SO EATTIS AS IDO PID ic sec s.0 aes ort sc cisie ss oa gees 07s ? 
ET Ci ee oe elas sn gly vin'a to ws vac + vr0eie'e os 8 
© MED ok oto Sa a ee 8 
" DY GO se vw bie gio ec eise sale scr sbvebectuousc’ 8 
OPIN ARM eric rec a's «le 5555 sip ox «ha o've ass ele'e sina’ 10 
eM ins «nie ee 2 0 are ov nie ne gin 2 ave vei 13 
RENT RUN ise SF now bok doa bitin 6 oh p's 8 0 2's be 0s 13 
| RE eee ig Siena s. nals ous > 205 6 as ie oe cee aigls 13 
SMe DReYyatiOn PF CIOGS, CLG). 2.6... snes ee decesccccuns 13 
BU RT SCnSsTONT OP RESULTS. 2... 6000000 ccbceseccsecesterucs 14 
ia (2 Si usb Gi oe a ee ara 15 

| 16. Relations Between Thickness of Fire, Capacity, and 

RRC MMe. Get iw een co ot ree hE Polee. «adhe: 4 ae 1% 
UN i ree ae cies ale Bus cep ejb cds sre uous 60 21 
Re Gop Cee ae PRE eerste ds. ke 30 
Sere, UNG TCO LVCLA LIONS! scr - lahat ore! vnc. 2 'o%s wis 4 oe nls o Bele e's'e c 33 
UME ONDA i Ceec.o soe ly SSS eet tebe 39 
ee EsTe ON WEATHERED COAL. .....6..0..050. 0c cece ee eee 48 
SE OTMONC AYO AND <CONOLUSIONS. 0.0.0.0 00s ccere cece eeveces 52 
21. Conclusions Relative to Weathered Coal............ 53 
(SY SEE ce ay a ice Sar re is, 


. 


ODRNIAMA DDE 


[ee sek Leite ts) |” 


LIST OF TABLES 


General Conditions......... seen een e cnet eect eet ee tent en eee erates eeeneneeeetaes 
General Conditions (Continued).............. aid e/a ss chauslalfarsrsse attain ala) staig rare a tiers 
Coal and Ash...... DRACO TY Ce rey Oe ok aR ae 
Coalsand: Ash (Continted) ae sures raics mie cieem sets Sidi ibinraaionern Skate lech peer erate Dia nen 
Steam and Water..... Re Mio oT oars sed eae 7 ain bieupin sare eos alain eteimae ta acetone 
Steam and Water (Continued)....... PR ee eh Siro eri ORR OAS AO OIC aO 
Fuel and Water per Hour.......... OC RATER SOC Beers ARS $5 wid 'aie am ote are trae aati 
Botler Performances. sc e-chesraie ines sails Berry mintaoe © Savon iy wbaiie ain 3) oce oon a) oigee eee gee 


IS Mici ene y Say.crsren asic polio ale taisieie = a pereialadet te tarsteave ea FS I Ne IN res 


Weight of Air and Gases per Pom of iy Cal ous s's.ne.s 2 0 balw.0.2,01m sinlenainuleraaieterie anne 
Chemical sAnalyses:. 5.0 <:s:ass.00 cia «10 'vin sine wiaiwiviels ediatays ates POT ere Prone ree, 
Chemscal “Analyses (Continued). iiss 2.01 «ols 2 29 216 acjeisie sia b;4\6' va ma hesea°6 etalaiaie alee ee 
Heat Balance, Based on One Pound of Dry Coal................ ja, <is/a areleal sts (els ae ae 
Heat Balance (Continued)............« Soa es Pei pici wie cxshatorcrale is aire a6 wae ecetha als ale ate ee x 
Heat Balance (Continued). ec ovate oaiccon maine seleee oie we aeseere Bia io a anion sty Rai 
Heat Balance (Continued)......... nmvewa a tate nidios 3,0 syaisis eiaiaiase aol ei eaateisha ie ae 3s <0,0'0)</0\0/0/5 Ln 
Deterioration: Due. to: ‘Weathering < s..er<1s.0 6/2 ia nis wes a(e 4 pntpatnleaie pia ooaiain eal ea sii PPP a 
Comparison of Dust Content, Mission Field Screenings and Weathered Coali feud ne 51 
Comparison of Boiler Performances on Mission Field and Weathered Coal........ 52. 


LIST OF FIGURES 


Section sDhrough. Power) Planttcc cos «ere /sim «iain.g 00's oswicinieteraars ca oie ago eats arene 4 
BB Gilera se HOR TS! ra jare,aracolesets atniel.otctanertrdthavess\slercteis apne ai ahesialais ae Jain Ge wai sin/eh ahaa ighiigi saa wera teneta tere Pet 
Feed a Waterm Danks. -.c occ s cic sss cist efor eee ohelsiatts aeiuieaneieie praca eine pia aero en ar at ee) 
Gas Sampling Apparatus for Flue......... Vinjsvw S'eter ets yeim ratte aarehe WOO ae CER oR nl 
Section Through Breechitign «sic <ssiiceieaa ae ste eleva eincais a piniela/eiam apis ae ae 12 
Gas Sampling Apparattrs for Furnace. ©... sss se ss 0s vie sicleas cmt ole elal0\eluleteraieieistetrelpts 13 
Relation Between Thickness of Fire and Efficiency of Boiler, Furnace, and Grates.. 18 
Relation Between Thickness of Fire and Efficiency of Boiler and Furnace, Excluding 

GALORE 9,5, 508. 6: 015:5/0's Kiwlievarel o:u im nia: wireiel Sas A eireLe ee arlate wha ve [ma tater le ie a salle Se 18 
Relation Between Thickness of Fire and Efficiency of Boiler, Furnace, and Grates, 

Based. .on «Zero: Air Leakage. ccc ecoicin oe wwre'e 6.0.5 afuis!e 6 slaw pi mialoseiaiate eis celellale antares 18 
Relation Between Thickness of Fire and Efficiency of Boiler, Excluding Furnace - 

amd Grate cs ws\0. isis Qishe wip ewleve w aiemiee mleetere dunia cutee teas mente i ee eee 19 
Relation Between Thickness of Fire and Efficiency of Furnace.............-+..0+e- 19 a 
Relation Between Load and Efficiency of Boiler, Furnace, and Grate.........:.... 24 
Relation Between Load and Efficiency of Boiler and Furnace, Excluding Grate..... 24 | 
Relation Between Load and Efficiency of Boiler, Excluding Furnace and Grates.... 24 
Relation Between Load and Efficiency of Furnace... 0.0.0.0. s05-suesbesc « euieeiies 25 
Drafts Throughout the-Boiler. Setting: ....o.<....<.es-0s--<ses ie citi eR Eee 264 4 
Draft “Readings <5 sos sree. sito oie 075.0 cele dio pus 6 wid-y! Eneipre nicl ever ese tone adler ae a C1 Bs, j 
Relation Between Draft Loss From Ash-Pit to Furnace, and Coal Burned per 

Square Foot of Grate Surface per Hour With Varying Thickness of Fire...... 28 : 
Relation Between Load and Coal per Square Foot of Grate Surface per Hour... -.. 29 : 
Relation Between’ Load and Draft in» Furnace. /....2...e ieee eee eee 30 2 
Relation Between Thickness of Fire and Excess Air at Furnace.............e+eeee 31 ; 
Relation Between’ Excess’ Air and CO, in) Gas. cess oc seen costae eee ae 33 ; 
Relation Between Excess Air andO "in ‘Gass. 2s... os ceeicieiee ee elec eer 34 
Relation Between Thickness of Fire and CO, in Gas at Furnace.............+.... ( 34 
Relation Between Draft Over Fire and Air Infiltration............0cceeccecceeece 35 
Relation Between Loss Due to Air tebe and Difference in Per Cent CO, at 

Furttace and) Flies 62s sie-c:ai00:g:olnitaaeiac nist tale torsion ee 35 
Loss Caused by Excess: Air, «1. inst nswis.sows »'cs.cau veeen@enae sash tan nae 36 
Loss Caused by CO...0sasisnaeismen pacsee tse beaeok vente en omen 37 
Relation Between Loss Due to Combustible in ‘Ash and Loss Due to Excess Air...... 38 
Relative Magnitude of Various’ Lossesysteomenes 0) se son ce see eee 49 “1 
Draft Required for a Given Rate of Combustion for Weathered Coal and Mission 4 

Field’ Screenings: «. 1... sstasjetniea steerer cleiee th eee aero ae 51 

{ 


; A STUDY OF BOILER LOSSES. 


yeas INTRODUCTION. 


#: Purpose of the Tests—The experiments herein described were 

undertaken to determine the conditions prerequisite for the continuous 
operation of the boilers in the new power plant at the University of 
Tilinois, and to permit a detailed study of the boiler and furnace losses 
under varying conditions of load, depth of fuel bed, and draft. It was 
hoped that an analysis of the data obtained might render it possible 
to isolate and determine the amount of the several losses in the boiler, — 
furnace, and setting, thus indicating where improvements could be made 
in order to increase the over-all operating efficiency. 
- No attempt was made to obtain record tests and in every case 
ordinary operating conditions prevailed, with the exception of the 
maintenance of approximately constant load on the boiler under test. 
The boiler was operated as one of a battery of two boilers which deliv- 
ered steam directly into the mains connected with the old plant. The 
pressure maintained was thus governed by conditions prevailing in the 
system as a whole. 

While a majority of the trials were made with fresh coal from the 

Mission Field Mine No. 3, at Danville, Illinois, a series was also made 
‘using weathered coals from mines in Sangamon, Williamson, and Ver- 
milion counties, to permit a comparison with the tests previously made, 
and, if possible, to determine the effect of weathering ae the steaming 
qualities of the coal. 
2. Acknowledgments.—The experiments described in this bulletin 
were undertaken with the approval of C. R. Richards, Professor of 
Mechanical Engineering and Acting Dean of the College of Engineer- 
ing and Acting Director of the Engineering Experiment Station of the 
University of Illinois, and were carried out under his supervision. To 
him the writer is indebted for many valuable suggestions and also for 
his assistance in criticizing and revising the manuscript. Acknowledg- 
ment is also due to Mr. H. F. Geist for his assistance in running the 
tests and computing the results, and to Mr. W. E. Alley for his help in 
installing and maintaining the apparatus and running the tests. 
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_ 8. Botlers—The boiler on which ae 
battery of two Babcock and Wilcox boilers it 

the University of Illinois. It is designated as boiler N 
unit of the battery is placed between boiler No. 1 and thea chim: 
battery, as a whole, has 10,160 sq. ft. of heating eae equal 
tributed between the two boilers, and is designed to carry 
_ pressure of 160 lb. per sq. in. Each boiler has two 42 in. 
‘drums, and 18 sections of 4-in. tubes 18 ft. long, each section cont 
14 tubes. They are set so that the distance from the floor to tl 

TOW aps tubes is 82 ft. at the front end. 


use. This construction provides a tile roof over the furnace and 0 
the attainment of a long combustion chamber possible. 
The first pass for the gases is thus at the rear of the setting and 
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fire arch 6 ft. long, set 10 in. above the grates at the front end and 


of the dete, as in the PENNE ee 
_.. 4, Stokers—The stokers are of the chain grate type, ha 
active grate surface of 90 sq. ft., and were built by the Green En nD 
ing Company. At the time ie tests were made, each stoker had a 


in. at the back. This arch has since been changed so that at the pres 
time it is 15 in. above the grates at the front and 33 in. at the back. — 
The draft is produced by means of a brick chimney, 175 ft. ‘high, 
having an internal diameter of 10 ft. This was designed with the 
expectation that it was to serve an additional battery similar to the 
one under discussion, but at the time the tests were run the second 
battery had not been installed. 
The feed water is delivered by means of two 14 in. by 814 in. by 
12 in. American steam pumps, the feed mains being arranged so that 
either pump can feed both boilers as a unit, or so that each can feed — 
its corresponding boiler independently. The feed water consists of con- 
Honsed steam from the heating system, with a small quantity of “make- | 
up” water, supplied principally through the water backs of the stokers. 
The water is heated by means of a Webster “Star-Vacuum” heater before 
it reaches the pump. 
5. General Dimensions.—The following is a table of the principal — 
dimensions. 


Number of steam ‘drumg is «dav < 0 «ue 4,. 2 ee 2 
Length of steam drums, feet. a:\0.2..0.ees eee oe ee 20.33 
Diameter of drums, inches... 2.1.5, 20504000026 eee 42 
Nuinber of: tubesiisa. « «5 '.<-s10'< sib cuels please ee eee 252 
Outside diameter of tubes, inches>.........+...-«vesseess 4 
Inside diameter of tubes, inches, ..2....2... oo eee eee 3: ia 
Mean length of tubes exposed to gases, fect................-. 18 
Width of grate, feet... 4.019 06k ee eee ee 9.46 
Hiffective length of grate, feet, vet ce.eue eaten eee 9.50 
Area of grate surface, square feet.........-.reac.sa lob, ee 90 
Area of air space in grate, square feet..................0.00-. 19.6 
Ratio of air space to grate area.................0000...... 0218 
Height of ignition arch at front, inches..................... 10 
Height of ignition arch at back, inches...................... 18.5 
Length of ignition arch, feetc. 45 «oe eae 6 
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finimum area through 2nd pass, square feet............... 18.1 
Area between front baffle and tile on lower tubes, square feet... 23.2 
‘Minimum area through 3rd pass, square feet................ 1920 
Total effective area of openings into breeching, square feet.... 15.2 
Total water heating surface, square feet... 665%: peer a nat 5120 

Ratio of water heating surface to grate surface............... 57.0 


III. Mertuops or Conpuctine TEsts. 


With a few modifications, the methods employed in these experiments 
were those set forth in the A. S. M. E. code for conducting boiler trials. 
6. Starting and Stopping.—As previously stated, the boiler tested 
forms part of the plant equipment, and as such was in continuous opera- 

tion. Before starting each test, however, the gates were set for the 
Se eiormincd thickness of fire, and the boiler operated for a period 
of from 114 to 2 hours, carrying the load decided upon for that test. 
The coal bunker supplying the boiler under test was kept filled with 
“Mission Field coal during the entire period over which tests were being 
made, thus obviating the necessity for emptying it before each run. 
In the case of the weathered coal, however, the fuel was piled on the 
floor of the boiler room and before starting the test the coal hopper on 
the stoker was allowed to empty. It was then filled with the fuel under 
test and the grates run until they were completely covered with the new 
fuel. This took from 45 minutes to one hour. It may, therefore, be 
seen that at the start of each test the grates were covered with the 
required fuel and the boiler had been running under the predetermined 
conditions of load and thickness of fuel bed for from 114 to 2 hours. 

On starting a trial the condition of the fuel bed was observed and 
recorded and an effort was made to have this condition duplicated at the 
close of the test. The start was made with the ash pit and drip pan clean 
and the fuel in the hopper just level with the top. The test was closed 
under the same conditions. 

The condition of the fuel bed was maintained as nearly uniform 
as possible throughout a test and no adjustment was necessary at the 


end. 


~ 


”. Coal.—A small steel car resting on platform seals at 
weigh the coal. From this car it was shoveled into the hop} 
tests were started with a full car of coal on the scales, the drip p 
ash pit clean and with the fuel in the hopper just level with the 
At the end of each hour the drip pan and ash pit were again clean 
hopper leveled, and the coal remaining in the car weighed. Thus tl 


is 
coal fed to the grates was the total of the coal weighed during the 
hour minus that remaining on the scales at the end. 

Before weighing a car of coal two samples were taken from it ae 4 
placed in tight cans. At the end of the test one sample was quartered 
down in the usual manner to a weight of about 3,000 grams, placed in 
a shallow pan, weighed on a Troemen balance and set on top of the 
boiler to dry. After drying it was weighed a second time to determine 
the moisture loss, then quartered down to fill a quart jar and sent to- 
the chemist for analysis. Proximate analyses were made on all of the 
samples. Ultimate analyses also were made on four samples of the 
Mission Field coal from the average of which ultimate analyses were — 
calculated for the rest of the samples by making use of the individual 
proximate analyses. In the case of the weathered coal, however, ultimate 
analyses were necessarily made from each sample. 

The second sample referred to above was spread out and allowed 
to dry, after which it was weighed and screened. The remainder was — 
then weighed a second time and from the two weighings the percentage — 
of dust was calculated. The screen used had 14-in. round openings 
and what passed through it has been designated as “dust.” 

8. Ash.—The “ash and refuse” was raked from the pit into wheel- 
barrows and weighed on platform scales. A sample was taken from ~ 
each load and placed in a tight can. At the end of the test this was — 
quartered down until it could be contained in a quart jar and was then™ 
sent to the chemist for analysis. This analysis was used in determining 
the carbon loss in the ash. Analyses of both coal and ash were made in ~ 
the Chemical Laboratory at the University of Illinois. 

9. Water——The feed water was measured by means of two cylin- 
drical tanks about 4 ft. in diameter and of 4,600 lb. capacity. These tanks, 
as shown in Fig. 3, had conical heads tapering to the size of a standard 
6-inch nipple and were emptied through quick opening valves at the 
bottom. By this arrangement the error in filling was reduced to a 
minimum. They were calibrated at about 155° F., the calibration in- 
cluding all of the volume from the valve to the top of the nipple on 
the upper head. Making use of these data, a curve was calculated, taking 
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Fic. 3. FEED WATER TANKS. 


into account the change in volume of the tank as well as the change 
in density of the water, from which the weight of water contained in the 
tank could be determined when its temperature was known. The 
temperature was then taken just before emptying a tank. 

The measuring tanks emptied into a rectangular feed-tank 40 in. 
deep and of about 8,600 lb. capacity, from which the water gravitated to 
the feed pump supplying the boiler under test. This tank was also cali- 
brated and a curve plotted giving the weight of water per inch of depth 
at any given temperature. The height of water in the tank was shown 
by a pointer which was attached to a float and moved over a scale having 
0.25-in. divisions. 

The boiler itself was calibrated and a family of curves plotted such 
that when the height of water in the gage glass and the pressure were 
known the total weight of water in the boiler could at once be determined. 

Both boilers were fed by a single main, the two feed pumps dis- 
charging into it at points within about 3 feet of each other. Two 
valves were inserted in the main between the points where the pumps 
discharged and a bleeder was placed between the valves. Since the 
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bleeder was always open during a test any leakage through either valve 
could be detected immediately. In this way the two parts of the main 


were completely isolated from each other and one pump could be used — 
to deliver the water from the weighing tanks to the boiler under test, 
while the other was being used to feed the remaining boiler and - 
deliver water from the heater to the weighing tanks. 

In the installation under discussion the water-back formed a cir- 
culating system entirely separate from the boiler, the water passing 


through it being measured by means of a calibrated meter and afterwards — 


discharged into the feed water heater. It is not unusual for the water- 
back to be connected into the boiler in such a way as to form a closed 
system and to utilize the natural circulation taking place in the latter 
in which case it forms part of the heating surface the same as one of 
the tubes. If the water-back is disconnected from the boiler and a 
positive means of circulation adopted, the circulating water being taken 
from the feed water and returned to it subsequent to taking the weight 
and the temperature of the latter, the result is essentially the same as 
though the closed system had been used, and no account need be taken 
of the water thus circulated. In the present case, however, the tempera- 
ture was taken close to the boiler and after the circulating water had 
gone into the feed water. The water-back has, therefore, been consid- 


ered as part of the heating surface of the boiler and the heat absorbed — 


by the circulating water has been reduced to terms of equivalent water 
evaporated and added to the boiler output as discussed under feed water 
corrections in the Appendix. 


10. Flue Gas.—Flue gas samples were collected over half-hour — 


periods. One sample was taken at the breeching about 2 ft. below the 
dampers and a second one at a point about 8 in. behind and below the 


end of the tile roof of the combustion chamber. This point was about 


34 in. back of the bridge wall at the point where the gases turned to go 
up through the first pass. It was close enough to the furnace so that 
no air leakage chargeable to the boiler setting had as yet occurred, and 
far enough back so that combustion was complete, as may be seen from 
a comparison of the CO in the gas there and at the dampers. 
The sampler used in the breeching is shown in Fig. 4 and the breech- 
ing itself in Fig. 5. In the latter it may be seen that the boiler had 
3 nozzles opening from the last pass into the breeching with a damper 
in each one, the dampers being operated simultaneously from one control 
rod. A set of sample tubes cross connected as shown in Fig. 4 extended 
into each one of these passages. The two gate valves shown at A and B 
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Fic. 5. Srcrion THRouGH BREECHING. 


made it possible to obtain a sample from either boiler. Before starting 
the tests the valve at B was closed and the whole apparatus tested for 
leaks by means of compressed air. The valve B then remained closed 
during the period over which tests were run. In order to keep the 
small holes open the tubes were blown occasionally with compressed air. 
The system was tested frequently to see that it did not leak. A 
continuous flow of gas was maintained through the pipe C by means 
of a small laboratory aspirator placed near the floor line. The sample — 
bottle was attached at a tee near this point and any back flow of gas — 
from the bottle was prevented by placing a small mercury trap (F) 
in the line between the latter and the tee. 

The sampler used for the furnace gases is shown in Fig. 6. This 
consisted of a 214-in. pipe extending in to the center of the furnace; — 
Five small tubes were brazed into the pipe and water was kept flowing ~ 
through the apparatus in order to prevent it becoming hot enough to © 
react on the gas. It was assumed that the composition of the gas varied — 
the same either side of the center toward the furnace walls and also 
that it was fairly well mixed by turning the corner at the point where 
the sample was taken. While this does not insure a strictly average 
sample, it is, however, believed to be within the limits of accuracy of 
the rest of the observation in boiler trials. 

The gas samples were taken in one liter flasks as indicated in Fig. 4. 
Before being attached the latter were filled with water and inverted. 
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Fic. 6. Gas SAMPLING APPARATUS FOR FURNACE. 


They were then allowed to empty under a head of about 3 ft., the rate 
of drawing the sample being regulated by means of a glass stop cock in 
tube D so that as nearly uniform flow as possible was maintained over 
the half-hour periods. A bottle of water was placed at E, between the 


_ sampler and aspirator, and all of the gas was drawn through it, thus 


keeping a supply of gas-saturated water for use in the flasks. 

11. Quality of Steam.—The quality of steam was taken by means 

of a throttling calorimeter and the steam pressure was taken by a cali- 
brated gage at this point. 
12. Temperature—Calibrated mercury thermometers were used 
for taking all temperatures, with the exception of that of the gas leaving 
the boiler. The latter was taken at points about 2 ft. below the dampers 
by means of 3 copper-constantan thermo-couples and a Siemens-Halske 
millivoltmeter. These were calibrated with the cold junctions at 100 
degrees F. This temperature was read during each test and a correction 
applied in case it was not 100° F., the correction in no case being larger 
than about 5° F. The couples were calibrated before the tests and 
were then left in place for the rest of the series, a period of about 3 
months. On being re-calibrated at the end of this time the new points 
fell on the curve of the previous calibration. It is, therefore, believed 
that the accuracy of the apparatus is within 5° F. 

13. Drafts—Drafts were taken at the points indicated in Fig. 1 
by means of Ellison differential gages. The draft at (6) was taken 
at a point about 2 ft. below the center damper. 

14: Observation Periods, etc.—All readings of pressure, tempera- 
ture, drafts, etc., were taken at 15-minute intervals. The tests were of 
sufficient length to give a total coal consumption of 250 Ib. per sq. ft. 
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of grate surface, with the exception of the weathered coal dedtay which 
were necessarily limited by the amount of the samples. The heat 
balance shows a normal unaccounted-for loss for the latter, however, 
and it is believed that the accuracy has not suffered materially on this 
account. ; ‘ 

IV. Discussion oF RESULTS. a 


The general results of the tests are shown in Tables 1 to 16. The 
items in these tables are in accordance with the Boiler Test Code of 


TABLE 1. 


GENERAL CONDITIONS. 


Test of 
Number Dats Fuel Bed, 
Inches Baro- Steam Steam 
metric | (Gage) } (Abs.) 
Col. No 2 5 7 
So 1 81 
a 18) 2 6 9 
1 11-11-"13 3.0 6.0 14.4 142.6 2 
2 11-18-'13 3.0 7.0 14.3 146.3 j 
3 11-13-13 3.0 8.0 14.4 145.8 
4 11-20-13 3.0 10.0 14.3 147.3 . 
5 11-25-13 9.0 6.0 14.4 143.8 i 
6 11-29-13 9.0 7.0 14.4 152.3 é 
7 12- 2-13 9.0 8.0- 14.5 147.0 y 
8 12- 9-'13 9.0 9.3 14.5 146.5 
9 12- 4-13 9.0 9.8 14.4 149.6 “ 
10 12- 5-13 9.0 6.0 14.3 152.4 ? 
11 12-12-"13 9.0 6.0 14.5 148.7 3 
12 12-13-13 9.0 7.0 14.5 153.2 2 
13 12- 6-13 9.0 7.0 14.2 150.5 
14 12— 8-13 9.0 8.0 14.6 146.0 : 
15 12-16-13 9.0 9.4 14.4 145.8 ris 
16 12-19-13 9.0 6.0 14.3 152.6 1. 
17 12-18-13 9.0 7.0 14.4 148.3 ug 
18 12-15-13 9.0 8.0 14.5 149.7 L. 
19 1-29-14 7.0 7.0 14.4 155.4 i US = 
20 12-30-'13 5.5 7.0 14.4 147.1 1. 
21 1- 2-14 3.5 6.5 14.2 152.2 iD 
22 1-10-14 4.5 7.0 14.4 148.4 i 
23 1- 3-14 6.0 7.0 14.3 149.0 2 
24 1- 5-14 6.0 7.0 14.5 147.5 if 
*(a _ Numbers correspond to the A, S, M. E. Code. 4 
¢ (b) Numbers correspond to Calculating Code given in Appendix. : 


the American Society of Mechanical Engineers, with the exception that — 
some items have been added. These consist of three efficiencies, viz.: 
The efficiency of furnace and grate, the efficiency of the furnace, and ~ 
the efficiency of the boiler exclusive of furnace and grate, and also some ~ 
items referring to gas analysis at the furnace and to weights of air and — 


15 


gas per lb. of coal. The heat balance has also been considerably ex- 
tended and is based on 1 lb. of dry coal fired instead of on combustible. 

The efficiencies given in the A. S. M. E. code are the over-all efficien- 
cies for the boiler and furnace together and do not afford a means of 
determining whether a loss in efficiency of the unit is due to poor 
furnace construction or conditions or to dirty tubes or faults in the 


Draft, Inches of Water Temperature, Degrees Fahrenheit 


bustion in 7 
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TABLE 2. . 
_ GENERAL Conpitions (ConTINUED). 
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boiler itself. It was for this reason that the efficiencies indicated above 
were added. and that the heat balance was extended and divided so as 
to separate from one another the losses chargeable to boiler and furnace 
alone. In order to do this it was necessary to obtain an analysis of gas 
at the furnace and to include some items on weights of air and gas. 
A discussion of all these items may be found in the Appendix. . 

15. Fuel.—The fuel used on tests 1 to 18 inclusive was Vermilion 
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County screenings from Mission Field Mine No. 3. The coal ws 
the same quality as that used for the normal operation of the pla 
and was all obtained from the same mine with the expectation { 1 
the ash and dust content would not vary much. So far as the ash’ 
concerned this expectation was fairly well fulfilled but the dust vari¢ 


considerably. 
> ~The fuel used on tests 20 to 24 inclusive was weathered coal. This 
_: ‘ i 
— TABLE 3. 
CoAL AND AsH. 
Amount 
Test (District from Condition of Fuet | 18 Ppret 
istrict from ondition of Fue’ ommercial Size a \-in. 
Number which mined) Screen 
Per Cent 
Col. No. 19 20 21 22 
a 23 ‘ 23 
b 
: Mission Field Fresh Screenings —e 
3 : ‘ : “ 40.0 
4 i i. 38.0 
5 . : : 2 37.8 
6 2 3 2 s 19.6 
7 : ; : : 26.3 
8 “ “ “ 50.5 
9 : : : “ 35.7 
10 . . k £ 30.6 
11 x : ‘ . 33.2 
a z ‘ ‘ 40.3 
Hf i ‘. ‘i _ 26.3 
15 “ “ “« « aye 
16 “ “ “ “ fs 
a. ; s 3 34.1 
18 3 2 e A 24.7 
19 Z f " Pea 3 
Hu Sangamon Co, Weathered Nut 31.9 
= Williamson Co. x eine 39 . 
ne ‘ S i i 
24 Vermilion Co. \ tae 33.0 


had been exposed in bins since January, 1908, and consisted of one lot 
of each of the following: Sangamon County nut, Sangamon County — 
screenings, Williamson County nut, Williamson County screenings, and — 
Vermilion County nut. This coal had disintegrated considerably and — 
when dry it presented a white appearance as though coated with clay. 


It was very easily broken and the surface thus exposed was black and _ 
rather oily. i) 
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16. Relations Between Thickness of Fire, Capacity, and Efficiency. 
—Curves are shown in Figs. ? to 11 in which efficiency is plotted against 
thickness of fuel bed. For the sake of convenience in reference the 
points have been numbered to correspond to the tests from which they 
were taken. From the curves it becomes evident that the best efficiency 
under full load conditions was obtained with a fire of about 7 or Y, 


TABLE 4. 


Coat AND AsH (CONTINUED).. 


Calorific Value 
by Calorimeter Total Percentage 


f Ash and 

Test $ 4 
Refuse in 

Number Dry Coal 
Per Cent 


inches in thickness. This seems to give a fuel bed resistance such that 
the normal amount of coal can be burned without excessive draft. If 
a thinner fire than this is used there is a greater probability that there 
will be holes or thin places in the fuel bed, forming paths of least 
resistance through which an excessive amount of air passes with a con- 
sequent decrease in efficiency. On the other hand if the thickness of 
the fire is materially increased it becomes necessary to use more draft 
in order to maintain the load. The increased draft causes an increase 
in the air leakage through the setting, etc., thus causing the efficiency 
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Fic. 11. RELATION BETWEEN THICKNESS OF FIRE AND EFFICIENCY OF FURNACE. 


curve to drop. The above discussion is based on the assumption that 
there is no more CO formed when using a thick fuel bed than with a 
thin one. An inspection of the gas analyses will show that the CO 
was never more than 0.24 per cent as a maximum and that this value was 
obtained on but two tests. For this reason it has been disregarded. 
Another explanation of the decrease in efficiency when the thickness 
of fire is increased above 8 inches is offered by the fact that the arch 
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is very low, it being only 10 inches above the grate at the front end 
This causes an excessive draft loss toward the front and makes the; 
combustion poor over that part of the grate thus reducing the effective | 
grate surface. On this account it was found impossible to obtain loads” 
as high as 114 capacity with a fire 914 inches in ‘thickness. That part 
of the 114 load curve to the right of the point representing the 8-in. 


Veg 


TABLE 5. 


STEAM AND WATER. 


; True Total Total Weight of Water Steam Pressure, 
Test Quality Factor Water to fin Boiler, Lb. Lb. per Sq. In. (Gage) 
Number fo) of Weighing, |= ee eee 
Steam Evapora- Tanks S “a 4 
tion Lb. Initial Final Initial Final 
Col. No 30 31 32 33 34 35 36 

a 60 
b 66 111 67 83 84 75 77 

1 0.981 1.104 128849 34075 33000 128.0 135.0 

2 0.958 1.098 101703 34700 34520 104.0 132.0 

3 0.965 1.100 106005 32940 34300 140.0 111.0 

4 0.959 1.109 106843 33800 32870 137.0 133.0 

5 0.966 1.099 134113 33600 34970 140.0 1338.0 

6 0.969 1.107 121025 34420 33000 140.0 135.0 

7 0.969 1.102 120655 33650 33765 135.0 126.0 

8 0.962 1.078 124928 31650 32985 143.0 136.0 

9 0.966 1.103 106858 33540 33300 131.0 138.0 
10 0.972 1.108 153213 33860 33415 145.0 141.0 
11 0.965 1.091 153191 34940 31750 126.0 135.0 
12 0.965 1.090 162271 33215 144.0 139.0 
13 0.969 1.106 162830 33510 34960 147.0 139.0 
14 0.966 1.098 158007 33070 34340 130.0 120.0 
15 0.963 1.082 143285 33595 34450 140.0 123.0 
16 0.985 1.091 180054 33440 34010 140.0 133.0 
17 0.965 1.079 170912 33880 34380 143.0 129.0 
18 0.968 1.090 166713 34265 34880 138.0 131.0 
19 0.988 1.101 164818 83985 34805 148.0 138.0 
20 0.983 1.088 101619 31500 33790 125.0 137.0 
21 0.986 1.102 55580 36500 35170 123.0 137.0 « 
22 0.985 1.077 105364 30755 33975 138.0 135.0. 
23 0.986 1.104 97300 34610 34595 125.0 140.0 
24 0.982 1.093 124576 34375 34300 130.0 135.0 


fire has therefore been shown as a dotted line and has been made to 
parallel the full load curve. 

A study of the curves in Figs. 7 to 11 will show that for each load 
there was a well marked thickness of fire which gave the best efficiency 
and that as the load decreased this also became less. Thus for 114 
load the maximum efficiency occurred with 8 to 814-in. fires, for full 
load with 7 to 714 inches and for 34 load with about 614 inches. It is 
probable that for 14 load the fire could be decreased to 5 inches before 
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he efficiency would drop materially. This can only be inferred, however, 
tom the action at other loads, since no data were taken using fires of 
ess than 6 inches. 

17. Draft.—When analyzed from the standpoint of draft the 
above condition is to be expected. For each load, or rate of combustion, 


TABLE 6. 


a given amount of air is necessary. If the fuel bed is too thick, or 
P - 
: STEAM AND WATER (CONTINUED). 


} Tem 2 
} perature of is ‘| re 
; Water tn, Watescback Feed. ee orermene, nN 
Total Deg. F. ; 6 ay 
Test Ee of ga a eee 8 
ater to 3 OO oyu 
i weber Water-back For Feed | Por Pres- Bas 3g 5 5 
: : pe sure and Boe 423 58 
Entering | Leaving Gage Water- ee = g g : 
Glass back eRod ARES 
38 39 41 42 43 44 
57 61 
91 92 102 105 110 112 


58.7 123.2 + 318 + 974 + 53805 135446 149532 
60.3 109.1 + 3086 + 694 + 4477 109960 120736 
59.5 96.0 + 3083 — 1594 + 3696 111190 122309 
59.7 88.7 + 1067 + 648 + 2695 111253 123380 
58.3 113.0 — 2019 — 1100 + 3602 134596 147921 
59.3 117.8 + 3512 + 1020 + 3721 129278 143111 
58.7 104.7 + 319 == Pe + 2955 123678 136293 
58.5 110.8 + 1796 — 1174 + 2597 128147 138142 
58.1 96.6 — 319 + 309 + 2347 109195 120442 
58.3 112.8 — 1382 ae ts + 3234 155342 172119 
59.0 136.3 + 2332 + 2679 + 3917 162119 176872 
59.1 122.6 — 1377 — 906 + 3169 163157 177841 
59.5 137.5 — 213 — 1262 + 4008 165363 182891 
57.4 126.3 — 3080 — 1181 + 3464 157210 172617 
58.3 106.4 + 423 — 826 + 2502 145384 157306 
58.1 123.2 + 316 — 579 + 3583 183374 200061 
58.2 123.3 + 1319 — 648 + 3538 175121 188956 
58.8 127.7 + 318 — 614 + 3477 169894 185184 
60.6 121.7 + 1686 — 822 + 2913 168595 185623 
58.4 108.4 — 2951 — 1634 + 2113 99147 107872 
59.7 113.2 + 2801 + 1381 + 1344 61056 67284 
60.4 140.1 — 575 — 2669 + 2699 104819 112890 
59.7 104.9 — 4070 + 280 + 2046 95556 105494 
59.5 121.0 — 3368 Se it + 2687 124046 135582 


dirty, it requires a heavy draft, with a consequent increase in air leakage 
through places other than the fire, thus causing a loss in efficiency. If 
it is too thin the draft may be reduced, but in this case the air leakage 
occurs through the fuel bed itself with the same result as before. 

The curves shown in Fig. 9 have been calculated on the assumption 
that no air leakage occurred. In this discussion air leakage has been 
defined as the air infiltration occurring in that portion of the setting 


from the bridge wall to the breeching and is chargeable against the 
boiler, and not against the furnace. It is believed that this effici 
forms a better basis for comparing the action of two different boilers 
and furnaces than the over-all efficiency. It was deemed advisable to 
calculate this because after the tests had been completed a place was 


found which permitted some air to leak into the second pass. On account 


<DABLES 


FUEL AND WATER PER Hoor. ~ 


Combustible Equivalent 
Dry Coal, Lb. Consumed, Lb. Evaporation, Lb, — 


Test Per Sa. Ft. 


Per Sa. Ft. 
Number Pet ae ih of Water- of Water- 
Per Hour es ie Per Hour heating Per Hour heating 
oe ‘ace Surface j 
per Hour per Hour per Hour ; 
Col. No. 45 46 47 48 49 50 
a 46 48 47 49 63 64 
b 58 60 59 61 113 114 
1 1387 15.41 1002 0.196 11502 2.25 
2 1139 12.66 851 0.166 9287 1.81 
3 1228 13.64 897 0.175 9408 1.84 
4 1258 13.98 980 0.191 9491 1.85 
5 1995 22.17 1565 0.306 16436 3.21 
6 1933 21.48 1491 0.291 15901 3.11 
7 2007 22.30 1592 0.311 15144 2.96 
8 2166 24.07 1665 0.325 15349 3.00 
9 1807 20.08 1462 0.286 13383 2.61 
10 2353 26.14 1936 0.378 19124 3.74 
ll 2843 31.59 2028 0.396 19652 3.84 
12 2644 29.38 2041 0.399 19760 3.86 
13 2378 26.42 1839 0.359 20321 3.97 
14 2361 26.23 1830 0.357 19180 3.75 
15 2206 25.51 1702 0.332 17479 3.41 
16 2908 32.31 2319 0.453 22229 4.34 
17 2750 30.56 2103 0.411 20995 4.10 
18 2753 30.59 2020 0.395 20576 4.02 . 
19 3088 34.31 2517 0.492 26516 5.18 
20 2639 29.32 2135 0.417 19613 3.83 
21 2819 31.32 2177 0.425 19224 3.75 
22 3047 33.86 2446 0.478 25087 4.90 
23 2338 25.98 1834 0.358 17582 3.48 
24 2850 31.67 2366 0.462 22597 4.41 


of its inaccessible position this place had escaped detection from the 
time the boilers were installed. A close watch was kept and precautions 
were taken to prevent the development of leaks during the tests, and it 
was supposed that the setting was as tight as possible. With the 
possible exception of one or two tests, the difference between the per- 
centage of CO, at the furnace and that at the breeching was not enough — 
to arouse suspicion, since the setting was not a plastered one, and the 
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nary brick setting is susceptible to some unavoidable air seepage. 
omparison of this set of curves with the other efficiency curves indi- 
es that the leakage was not sufficient to detract from any of the 
conclusions drawn from the data. A discussion of the method of calcula- 
tion for the efficiency used in Fig. 9 may be found in the Appendix. 


The curves in Figs. 12 to 15 inclusive show the relation existing 


TABLE 8. 
BorLER PERFORMANCE. 


Equivalent Evaporatio 
Lb 


n from 
and at 212°. i 


Horse Power i 
ting, Rating 
Developed Horsepower] Developed 


Per Lb. Per Lb. Per Lb. of 
of Coal of Dry | Combustible 
as Fired Coal Consumed 


56 57 
70 71 
£ 120 121 
Te 
1 333.4 508 65.7 6.17 6.81 8.30 11.48 
, 2 269.2 is 63.0 6.13 6.73 8.15 10.92 
4 3 272.7 ba 53.7 5.81 6.39 7.66 10.49 
) 4 275.1 is 54.2 5.61 6.22 7.55 9.68 
5 476.4 3 93.8 6.17 6.78 8.24 10.51 
6 460.9 fe 90.8 6.15 6.80 8.23 10.67 
4 7 439.0 si 86.5 5.75 6.33 7.55 9.51 
, 8 444.9 J 87.6 5.49 5.92 7.09 9.22 
9 387.9 mi 76.4 5.67 6.25 7.40 9.15 
10 554.4 : 109.1 6.12 6.78 8.13 9.88 
11 569.6 e 112.1 5.37 5.86 6.91 9.69 
12 572.7 5 112.7 5.73 6.24 7.47 9.68 
13 589.0 ‘ 115.9 6.44 7.12 8.55 11.05 
14 555.9 # 109.4 6.19 6.80 8.13 10.48 
15 506.6 2 99.7 6.21 6.72 7.93 10.27 
16 644.3 = 126.8 5.92 6.46 7.64 9.59 
17 608.5 = 119.8 5.99 6.46 7.63 9.99 
18 596.4 = 117.4 5.80 6.32 7.47 10.18 
19 768.6 151.3 6.72 7.40 8.59 10.54 
20 568.5 . 111.9 5.44 5.91 7.43 9.19 
21 557.2 - 109.7 4.82 5.32 6.82 8.83 
22 727.1 : 143.1 6.69 7.21 8.23 10.25 
23 509.6 2 100.3 5.65 6.24 7.52 9.59 
24 655.0 be 128.9 5.80 6.34 7.93 9.55 


between the various efficiencies and capacity or load in boiler horse 
power. They bring out about the same facts as those already discussed. 

On the whole, the over-all efficiencies obtained are not surprisingly 
high. Under normal conditions of load and fire the over-all efficiency 
averaged about 65 per cent. As stated before, however, no attempt was 
made to obtain record tests, so that this represents the actual operating 
efficiency and as such is in accord with good practice. A study of 
column 60 in Table 9 will show that the efficiency of the furnace and 


61 indicates that the loss in efficiency at higher ia was due oa re 
heat absorption by the boiler. Also, a comparison of the values in t 
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column with the temperature of the flue gas given in column 18, Table 2, 
indicates that in general the lower boiler efficiencies correspond with 


_ the higher temperatures. 


The curves in Fig. 16 give the drafts throughout the boiler setting. 
The positions plotted as abscissae refer to the draft gage positions indi- 
cated in Fig. 1. It may be noticed that there is an unexpected drop in 
the curves at positions 4 and 6. At first it was supposed that this was 
due to error either in the gage itself or in the position of the tube. All 
the gages were then calibrated and found to be well within the limits of 
accuracy. The positions of the tubes were also changed, and they were 
moved backward and forward across the channels, with the same result 
each time. On comparing the cross-sectional areas of the various passes 
it was found that the area at point 4 was greater than that at point 3. 
Also that the wall forming part of the last pass was corbeled so that 
the area at point 6 was greater than that at point 5. This peculiarity 
in the curves, therefore, has been attributed to the dynamic effect of the 
flowing gases. 

Referring to Fig. 17%, it may be seen that the reading of a draft 
gage (h’,), when connected to a chamber in which the pressure is less 
than atmospheric, indicates the difference between the barometric pres- 
sure (H) and the true pressure or static head (h,) measured above 
absolute zero. If a Pitot tube is placed at the same point, and there is 
a flow of gas, the velocity head (h,) will add to the static head (h,), and 
the reading of the Pitot tube (h’,) will be less than that of the draft 


gage (h’,). According to Bernouilli’s theorem, the total head at any 


point is the pressure head, plus the velocity head, plus the head lost up 
to that point. The atmospheric pressure (H) is the total head in this 
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Fi case, and h, is the sum of the pressure and velocity heads. Therefore 
_ h’, must, represent the lost head or, in other words, the friction head. 
Proceeding from the front of the furnace to the breeching the quantity 
h’, increases more or less uniformly, and, since it is a loss, it would deduct 
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Fic. 16. Drarrs THroucHout THE BoILER SETTING. 


48 


from the value of h, and increase the gage reading (h’,). In view 
of this fact, the natural expectation would be to find the gage readings 
increasing for the successive positions from the furnace to the breeching. 
Any decrease in velocity head (h,), however, goes into an increase in 


; ‘Pressure head (hy) and therefore makes the gage reading (h’,) less. 
Consequently, if a material increase in section, or reduction of gas volume 


occurs at any point, the decreased velocity head might diminish h’, 
enough to make it read less than the gage preceding it. This explains 
the dip in the curves at positions 4 and 6 in Fig. 16, since at position 4 
there was an increase in section over that at position 3, and also 
at position 6 over that at position 5. It may, therefore, be seen that 
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the practice of subtracting draft gage readings and calling the result the 
friction loss is incorrect unless the area of cross-section is the same at 
both points where the readings were taken. If this is not true a correc- 
tion for velocity should be made. 

Three factors determine the amount of draft necessary. They are 
the thickness of fire, the amount of dust in the coal, and the horsepower 
developed. ‘Taking each load separately it may be seen from Fig. 16 
that the 914-in. fire invariably required the maximum draft for any 
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Fic. 18. RELATION 


of grate surface per hour with varying thickness of fire 
dust in the coal influences a number of these points to some extent. For 
instance, on test No. 12 the coal had a large percentage of dust. Points 
given more weight in determining the end 
From these curves it is evident that between the limits 
of 24 to 32 pounds per square foot of grate surface and with a normal 


17 and 19 were, therefore, 
of the curve. 


Woler} 
ide 


as 
|. 
“k 
Se 
Be 
a 
NS 
aie 
he 


Drof between Furnace ond Ash 


To 7" fre 
DA &' fir 
We 3 fre 


Oe -J2=S4 2 S16 0 2 4 30. 9 3C ASA PSG MEE, 
Dry Coal per 59.F 1. of Grate Sys in (Lb) 


CoaL BurNED ‘PER SQ. Fr. oF GRATE SuRFACE PER Hour WITH 
VARYING THICKNESS OF FIRE, 


~ a> 
given load. With the thinner fires sometimes one and sorteltineal . 
another required more draft, depending largely upon the amount of dust, st 
and slightly varying horsepower; conditions that seemed to affect the 
thinner fires to a larger extent than the thicker ones. 
The curves in Fig. 18 show the relation existing between the draft 
loss from the ash-pit to the furnace, and the coal burned per square foot 


BretwEeN Drarr Loss From AsH-Pit To FURNACE, AND 


. The amount of 
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ss of fire of about 714 inches, it requires a draft of approximately 

of water per lb. of coal per square foot of grate surface per 

i burn Illinois screenings. This figure increases slightly at higher 
s of combustion. With fires above 8 inches in thickness, the draft 


cause excessive air leakage, and it increases very rapidly with higher 
rates of combustion. The same draft required for the combustion of 38 
Ib. of coal per square foot per hour with a ?-inch fire is only sufficient for 
the combustion of 24 Ib. per square foot per hour with a 914-inch fire. 
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PER Howr. 


Fig. 19 shows the relation between rate of combustion and the horse- 
power developed. This relation may be represented by a straight line. 
The fact that the heating values of the coal varied somewhat, and also, 
that it was impossible to run all the tests with the tubes in exactly -the 
same condition as regards soot deposits, tends to throw some of the points 
off of the curve. 

Fig. 20 gives the draft requirements for a given horsepower using 
different thicknesses of fire. These curves necessarily assume the same 
form as those in Fig. 18, since the load is a straight line function of the 
rate of combustion. The points do not fall on these curves as they do 
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on those of Fig. 18, however, because some factors such as soot on the 
tubes and the variable heating value of the coal influence the horsepower — 
developed and do not influence the rate of combustion. Also they were 
plotted using draft over the fire instead of the difference between this — 
and the draft in the ash pit. i | 
18. Haxcess Air.—The curves in Fig. 21 give the relations between ~ 
excess air, thickness of fire, and load. There are a number of other 
factors which affect the excess air, and the curves shown are at best only~ 
approximate. They are influenced by draft conditions, which in turn 
are somewhat dependent upon the dust content of the coal. For instance, 
it required practically the same draft to give 34 load on test No. 9 as it 
did to give full load on test No. 15, due to the fact that on the former 
the dust content was higher than on the latter. This placed point 9 
practically on the full load curve. In tests Nos. 11, 12, and 14 the dust 
was high, while in Nos. 10 and 13 it was normal. Hence more weight 
was given to the latter points in drawing the curves. 
Taking the curve for each load separately it is evident that the 
percentage of excess air decreases to a minimum and then increases again 
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as the thickness of fire increases. These minimum points correspond 
very closely to the maximum ones shown on the efficiency curves in Figs. 
-% to 11. With thin fires there is a marked tendency toward the forma- 
tion of holes in the fuel bed, through which an excessive amount of air 
can pass. Also the entire fuel bed is more open and porous, and the 
small channels formed by the voids are shorter. Hence the air is not 
brought into as intimate contact with the incandescent surface of the 
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we 


7 coal as it otherwise would be. When the thickness of the fire is increased ~ 
the passage becomes more tortuous and thus a larger proportion of the 
volume of air passing through the fuel bed comes into contact with the 
surface of the coal. At the same time the total area of the incandescent 
surfaces increases. Hence the excess air decreases. As the depth of 
fuel bed increases, however, the ash, as it forms, interferes more with 
the processes of combustion. At a thickness of about 714 inches it 
appears that the ash begins to protect the incandescent surface from the 
action of the air, thus reducing the total area exposed and serving to 
mitigate the effect gained by the increased turbulence of the air. There- 
fore, increasing the depth of fuel on the grate beyond this point results 
in an increase in the per cent of excess air. 

Inspection of the curves in Fig. 21 will show that for fires less than 
"14 inches thick, the excess air increases when the load or rate of com- 
bustion is increased if a constant depth of fuel bed is maintained, while 
for fires above 714 inches thick the reverse is true. When the load is 
made greater a larger volume of air is drawn through the fuel bed. 
That part actually coming into contact with the fuel also increases, but, 
in the case of thin fires, not so rapidly as the total. Hence in this case 
the excess air will increase with load. As the fires become thicker the 
part coming into contact is a larger proportion of the whole and it is 
not necessary to increase the total volume as much in order to obtain 
a given rate of combustion. At about 8 inches the tendency for the ash 
to choke the fuel bed becomes manifest and with fires above this thick- 
ness, when the draft is made greater, the increased velocity of the air 
tends to sweep the surfaces clean and to permit better combustion. Hence 
the percentage of excess air is apt to be lower at the higher rates when 
using thick fires. = 

The trend of these curves is also influenced somewhat by air 
leakage along the sides and at the back of the stoker. This would have 
had a more marked effect when the heavier drafts were used. A study of 
the per cent CO, at the furnace, however, from which the excess air was 
calculated will prove that this was at no time excessive. On all but two 
of the tests the CO, ran from 8 to 13 per cent, representing an excess 
of from 100 to 25 per cent, and in most cases was about 50 per cent. 

In Fig. 22 the percentage of CO, in the flue gas has been plotted 
against the excess air expressed in per cent. Most of the points for 
this, curve were taken from the analysis of the gas at the furnace, a 
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few of the analyses at the flue being used, however, to establish some 
of the more remote points. 

The theoretical curve shown in Fig. 22 was calculated from the 
following analysis, which was obtained by averaging the analyses for 


tests 1 to 18 inclusive: 


C=65.77%, H.=4.17%, 0,=6.27%, N,=1.65%, S=4.52%, and Ash= 
17.62%. On the assumption that complete combustion took place, a 
gas analysis was computed for the above coal using 100, 75, 50, and 25 per 
cent excess air, the results of which are shown as a dotted line in Fig. 22. 

The fact that the curve plotted from the analyses so closely parallels 
the theoretical curve may be taken, as an indication of the accuracy of 
the gas analyses made on the tests. The explanation for the theoretical 
curve falling above the other lies in the fact that some of the carbon 
in the coal actually used went through the grates, some went to form soot 
and a small amount to form CO. This made the carbon actually appear- 
ing in the gas per lb. of coal about 5 per cent lower than that used for 
the theoretical curve. 

An inspection of the curve will show that all of the points in the 
group representing about 35 per cent, or the minimum excess air, were 
obtained from 7-inch fires. Of those in the 50 per cent excess air group, 
4 were obtained from 6-inch, one from 7-inch, and one from 8-inch fires. 
This seems to verify the conclusion that a fire approximately 7 inches 
thick is the best to use for this kind of coal. 

19. CO, and CO Relations.—In Fig. 23 the O, in the flue gas is 
plotted against per cent excess air. This gives the same results as Fig. 
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22, and of the two, the latter is the more valuable, since readings of CO, ’ 
may be easily obtained in practice, while O, is not so readily determined. — 
This curve, however, is given to serve as a check on the CO, curve. 
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| ‘Fig. 24 was plotted in an attempt to obtain a relation between the 
ink of the fire and the percentage of CO,. The latter seems to have 
a tendency to reach a maximum on the 7-inch fire, from which point it 
alls off rapidly as the thickness of the fire is increased. 

In Figs. 25 and 26, the points fall with sufficient irregularity to re- 
quire a slight stretch of the imagination in order to draw a curve. They 
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seem to indicate straight line relations, however, the points being about 
equally distributed on both sides of a straight line. 

Fig. 25 indicates that the air leakage through the setting is roughly 
proportional to the draft over the fire. This curve is affected by the 
variation in the pounds of gas per pound of coal, which is in 
turn influenced by a number of factors previously discussed. 

In Fig. 26 the loss due to air leakage is plotted against the difference 
in the CO, readings at the furnace and at the flue. This curve is also 
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affected by the variation in the pounds of gas per pound of coal, but it 4 
shows the importance of stopping all the air leaks. = 

An attempt was made to find a relation between the loss due to 
excess air and the loss due to CO formed, but it was found impossible to 
deduce such a relation from the data obtained. . 

The curves in Fig. 27 and Fig. 28, however, have been calculated 
by making use of the coal analysis given under the discussion of Fig. 
22. This analysis is fairly representative of the coals used. From these — 
curves some idea may be gained of the relation between the losses caused 
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by excess air and CO. Fig. 27 has been calculated for the different flue 
gas temperatures indicated, on the assumption that the gases enter the 
furnace at 75° F., and that the temperature of the flue gas would be 
the same for the different percentages of excess air. 
Assume that under certain operating conditions 11.5 per cent CO, 
is being obtained, and that there is no trace of CO in the gas. Reference 
to Fig. 22 will show that 40 per cent excess air is being used. Assume 
that the air supply is cut down, and when the per cent of CO, becomes 
11.9, indicating 35 per cent excess air, a trace of CO begins to appear. 
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f the : ‘ir supply is further reduced, so that the per cent of CO, becomes 
: dicating that only 25 per cent excess air is being used, reference 
wo Fig. 27 will show that the loss has been cut down from 2.61 per cent 
when using 35 per cent excess air, with the flue gas at 500° F., to 1.88 


temperature, giving a difference of 0.73. 
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From Fig. 28 the percentage of CO which represents a loss equal _ 
to 0.73 is 0.19 when 25 per cent excess air is being used. Hence, in the case _ 
assumed, if 0.19 or more of CO appears in the gas when the excess air is 
reduced from 35 per cent to 25 per cent, the gain from reducing the air 
supply is more than offset by the loss due to the formation of CO. 

For every furnace and for every coal, therefore, there will be well — 
defined limits beyond which the air supply can not be reduced without 
causing a greater loss due to incomplete combustion. Just how much CO 
is permissible for any given coal and installation may be determined by _ 
plotting a set of curves similar to the above, and by finding by experi- 
ment at what value of CO, a trace of CO begins to appear. = 

Fig. 29 gives the relation between loss due to combustible in ash and 
loss due to excess air. This is influenced by so many factors, and the 
points fall so irregularly that it is impossible to draw any very exact 
conclusions from it. The general tendency shown by the points may be 
fairly well represented by the straight line. This shows that for the 
chain grate stoker the tendency is for the loss due to excess air to in- 
crease as the combustible in the ash is decreased, and that the sum of the 
losses remains fairly constant at from 12 to 14 per cent. This means 


loss Due to Excess Air (Perce) 
aH 


J. Ae GY SCR 7 as er sO 
Loss Due to Combustible in Ash (Percent) 


Fic, 29. RELATION BETWEEN Loss Due To ComBuUSTIBLE IN ASH AND Loss DuE 
To Excess Arr. 


ste 


‘ ee “ an +? : a ; 
_ KRATZ—A STUDY OF BOILER LOSSES — 39 


» 


. 


TABLE 9. 


EFFICIENCY. 


Efficiency, Per Cent 


eat Ferenc es sat ped Of Furnace | i eae 
Excluding ad teeciak and Grates a i ipa Air 


Grates 


93 66.90 60.04 72.46 82.86 81.14 63.75 
24 67.22 64.20 80.40 79.86 84.44 67.66 


from a chain grate it is impossible to state whether or not it will hold 
for other types of stokers or methods of firing. 

20. Heat Balance.—The heat balance as used on these tests has 
been based on one pound of dry coal and has been considerably extended 
over the one given in the A. S. M. E. code. 

In considering the question of steam generation, there are two sepa- 
rate processes which require attention. First, the heat must be evolved 
from the coal, and second, it must be absorbed by the water. The first 
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is the function of the furnace and the second is a function of the boiler. 
Each of these processes entails losses, some of which are mutually inde- 
pendent and some of which are more or less dependent one upon the other. 
Since the efficiency of the unit should be the product of the efficiency of 
the furnace and the efficiency of the boiler alone, it is evident that all 


TABLE 10. 
WEIGHT oF AIR AND GASES PER LB. OF DRY COAL. 


Weight of Gas, Lb. Weight of Air, Lb. Waist ot: boi 
a 
Ss Ss 3 
p oO Bey 
Bees ln 3 gs |sa| & 3S 2 
a =O & 3) qo <2) oy & 8 9 
Goa] Sa fg go) eg 8 3 g & 
eae ; a ss ee “= § E g g 
at a i 5G, g g &g é z= = 
5 Ba a ee Sy ee ae a Rc Le ka 
e |ao] 2 2) tho ce < 4 z z < z 
Col.No| 64 | 65 | 066 | 67 68 | 69 7 | 71 72 73 74 


a 
b 153 162 168 174 177 180 181 182 184 183 185 


1 8.76 | 12.64 14.41 | 8.35 | 12.37 | 14.30 1.93 4.02 5.95 48.14 | 71.26 
2 9.23 | 15.05 16.57 | 8.78 | 14.73 | 16.38 1.65 5.95 7.60 67.77 | 86.56 
3 9.29 | 14.45 16.59 | 8.84 | 14.21 | 16.45 2.24 5.37 7.61 60.75 | 86.09 
4 9.49 | 22.58 23.94] 9.04 | 22.25 | 23.68 1.43 | 13.21 | 14.64 | 146.13 | 161.95 
5 9.52 | 13.73 17.04 | 9.06 | 13.45 | 16.81 3.36 4.39 7.75 48.45 | 85.54 
6 9.48 | 12.37 13.95 | 9.03 | 12.02 | 13.73 1.71 2.99 4.70 33.11 | 52.05 
7 9.90 | 15.92 16.91 | 9.43 } 15.63 | 16.67 1.04 6.20 7.24 65.75 | 76.78 
8 9.39 | 18.97 22.71 | 8.95 | 18.72 | 22.54 3.82 9.77 | 13.59 | 109.16 | 151.84 
9 9.80 } 19.06 23.75 | 9.34 | 18.76 | 23.49 4.73 9.42 | 14.15 | 100.85 | 151.50 
10 9.84 | 14.88 16.74 | 9.38 | 14.54 | 16.46 1.92 5.16 7.08 55.01 | 75.48 
11 8.86 | 14.49 17.57 | 8.40 | 14.29 | 17.43 3.14 5.89 9.03 70.12 | 107.50 
12 9.60 | 14.99 19.34] 9.14 | 14.76 | 19.20 4.44 5.62 | 10.06 61.49 | 110.06 
13 9.60 | 12.63 14.39 | 9.15 | 12.35 | 14.14 1.79 3.20 4.99 34.97 | 54.54 
14 9.68 | 14,08 15.63 | 9.21 | 13.84 | 15.47 1.63 4.63 6.26 50.28 | 67.97 
15 9.37 | 17.45 20.84 | 8.92 | 17.13 | 20.64 3.51 8.21 | 11.72 92.04 | 131.39 
16 9.73 | 16.42 19.91 | 9.27 | 16.09 | 19.68 3.59 6.82 | 10.41 73.57 | 112.30 
17 9.65 | 14.09 17.82 | 9.18 | 13.71 | 17.57 3.86 4.53 8.39 49.35 | 91.39 
18 9.22 | 18.12 18.38 | 8.78 | 12.84 | 18.23 5.39 4.06 9.45 46.24 | 107.63 
19 9.89 | 12.95 15.83 | 9.49 | 12.65 | 15.55 2.90 3.16 6.06 33.30 | 63.86 
20 8.45 | 19.13 22.11} 8.03 | 18.82 | 21.79 2.79 | 10.79 | 13.76 | 134.37 | 171.35 
21 8.44 | 12.57 15.96 | 7.99 | 12.19 | 15.66 3.47 4,20 7.67 52.56 | 96.00 
22 9.68 | 14.58 17.91 | 9.23 | 14.37 | 17.61 3.24 5.14 8.38 55.69 | 90.80 
23 9.63 | 17.66 21.77 | 9.19 | 17.20 | 21.45 4.25 8.01 | 12.26 87.16 | 133.40 
24 9.54 | 14.56 18.41 | 9.08 | 14.10 | 18.08 3.98 5.02 9.00 55.28 | 99.12 


losses should be tabulated under but two heads, viz., boiler losses and fur- 
nace losses. 

Since it requires a difference in temperature between the hot gases 
and the water for any heat to flow from the former into the latter, it is 
manifestly impossible to utilize any of the heat remaining in the gases 
after their temperature has fallen below the temperature of the steam, 


ce @ water | in mie tins This introduces a set of unavoid- _ 
i fin considering these unavoidable losses, and the loss due to 


air r taken i in at the furnace, it was not entirely self-evident under 
which head they logically belonged. Owing to reasons which will sub- 
- sequently be discussed, the following division was finally decided upon 
as being the most convenient: 


DEBIT. 


ae 


1. Heat supplied by one pound of dry coal. 


CREDIT. 
2. Heat absorbed by boiler. 


Furnace Losses (unavoidable). 


3. Loss due to heat in theoretical weight of dry gas required for 
complete combustion, up to the temperature of the steam in the boiler. 
4, Loss due to moisture in the coal, up to the vomsperayare of He 
steam. 
5. Loss due to moisture formed from H, in the coal, up to the 
temperature of the steam. 
6. Loss due to moisture in the air, up to the temperature of the 
steam. 
Furnace Losses (controllable). 
7. Loss due to excess air up to the temperature of the steam in 
the boiler. 
8. Loss due to CO formed. 
9. Loss due to combustible in the ash. 
10. Loss due to high temperature of the ash. 


Boiler Losses. 


11. Loss due to theoretical weight of dry gas for complete com- 
bustion, above the temperature of the steam in the boiler. 

12. Loss due to moisture in coal, above the temperature of the 
steam. 

13. Loss due to moisture formed from H, in coal, above the tem- 
perature of the steam. 

14. Loss due to moisture in the air, above the temperature of the 
steam. 

15. Loss due to excess air, above the temperature of the steam. 

16. Total loss due to air leakage into the boiler setting. 

17. Radiation, conduction, and unaccounted-for losses. 
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In making up this heat balance, excess air was defined as the air 
taken into the furnace in excess of that necessary for complete combus- 
tion, and was determined from the analysis of the gas at the furnace. 
Air leakage was defined as the air leaking into the gases after they had 
passed the bridge-wall. It was found by comparing the gas analyses at 
the flue and at the furnace. Therefore, all of it was charged against the 
boiler. 


TABLE 11. 


CHEMICAL ANALYSES. 


Proximate Analysis of Coal as Fired Ultimate Analysis of Dry Coal 


be t 
o 
~» we ov + gee » Sse » qe » vey 
2 | cd| 28 | $3 | § [e288] cf | 82 | cf | $2 | 58] & 
: eo BO 40 oO {a O} BO «xO Ss) oO sO 1S) 
2 g-a a a as & 2 be} 5 a 
7D mo mh oO di aR u he Sh Ry #4 ah Gh 
u 430 Cx o ao [so2 oO] So o o (3) 3 oO o 
& |HOn, ba | sa | da ladaa| Om | Ha | om | Za | am <4 
Col. No. 85 


1 18.52 | 4.29 60.31 | 4.06 6.71 1.13 5.23 22.56 
2 15.90 | 4.11 63.87 | 4.10 6.15 1.65 4.98 19.25 
3 15.67 | 4.13 64.29 | 4.13 6.19 1.66 4.95 18.78 
4 14.21 | 3.81 65.86 | 4.23 6.35 1.70 4.62 17.24 
5 14.02 | 3.83 66.02 | 4.24 6.36 1 By Gt 4.65 17.02 
6 14.27] 3.94 65.74 | 4.22 6.33 1.70 4.76 17.25 
7 12.01 | 3.19 69.03 | 4.43 6.65 1.79 3.80 14.30 
8 15.01 | 3.99 65.13 | 4.18 6.27 1.69 4.77 17.96 
9 12.56 | 3.55 68.22 | 4.38 6.57 1.76 4.20 14.87 
10 12.22 | 3.28 68.63 | 4.40 6.61 1.78 3.93 14.65 
11 20.19 | 3.99 61.96 | 3.47 4.52 1.53 4.71 23.81 
12 13.84 | 3.55 66.75 | 4.28 6.43 1.73 4.25 16.56 
13 13.79 | 3.52 66.79 | 4.29 6.43 1.73 4.22 16.54 
14 13.18 | 3.77 67.21 |] 4.31 6.48 1.74 4.51 15.75 
15 15.37 | 4.06 64.97 | 4.17 6.26 1.68 4.79 18.13 
16 12.90 | 3.77 67.67 | 4.34 6.52 1.75 4.46 15.26 
17 14.21 | 3.35 67.59 | 4.11 6.06 1.51 3.95 16.78 
18 16.53 | 3.91 63.92 | 4.10 6.16 1.65 4.62 19.55 
19 10.98 } 3.09 67.75 | 5.30 8.54 2.08 3.59 12.74 
20 13.54 | 2.99 59.19 | 4.55 | 13.44 2.07 3.75 17.00 
21 13.55 | 2.97 58.87 | 4.53 | 13.25 2.15 3.81 17.39 
22 12,22 } 1.89 68.04 | 4.66 8.79 2.39 2.16 13.96 
23 10.48 | 1.81 67.75 | 4.90 | 10.77 1.75 2.19 12.64 
24 10.45 | 1.26 67.62 | 4.68 | 10.59 2.47 1.58 13.06 


On the basis of a rigid analysis, regarding the furnace as being en+ 
tirely separate from the boiler, the unavoidable loss might have been in- 
cluded under boiler losses. We can conceive of a unit so built that the 
water comes into it at room temperature, and is gradually passed through 
and heated up to steam temperature. In this kind of a unit the gas 
might also be made to leave at room temperature. In this hypothetical 
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apparatus any heat in the coal which was not given to the gas would be 
chargeable to the furnace, while any that was not taken from the gas 
down to room temperature would be charged against the boiler. This 
conception leads to a difficulty with the excess air. The amount of excess 
air depends upon the design and operation of the furnace, and as a boiler 
furnace, the air should be charged against it. But under the above 


TABLE 12. 


CuEMIcAL ANALYSES (CONTINUED). 
~ ee 


a 


3 Analysis of Ash Analysis of Dry Gases at Furnace} Analysis of Dry Gases at Fl 

FE and Refuse . Per Cent by Volume Der Cent iy Moluee is 

= Earth 

R Carbon arthy Nz Na 

© Matter CO2 i CO _ |By Dif- 

& —— Per Cent ‘ ence 
~ Col.No} 86 87 88 89 90 91 92 93 94 95 

8 44 45 84 85 86 88 

b 56 57 139 140 141 142 143 144 145 146 


1 22.84 77.16 10.69 8.23 | 0.23 80.85 9.34 8.98 | 0.18 | 81.50 
2 22.93 77.07 9.39 9.94] 0.18 80.49 8.45 | 10.49] 0.20 | 80.86 
3 34.67 65.33 9.43 9.52 | 0.24 80.81 8.18 | 10.58} 0.20 | 81.05 
4 22.95 77.05 6.54] 13.18 | 0.12 80.16 6.15 | 13.47] 0.12 | 80.26 
5 21.49 78.51 11.06 7.84 | 0.16 80.94 8.82] 10.15] 0.14 | 80.89 
6 23.55 76.45 12.20 6.87 | 0.06 80.87 | 10.74 7.88 | 0.05 | 81.33 
7 30.07 69.93 9.74 9.31 | 0.08 80.87 9.14 9.82 | 0.08 | 80.96 
8 26.36 73.64 7.80} 11.61] 0.02 80.57 6.45 | 12.86] 0.05 | 80.64 
9 24.37 75.63 8.20} 11.16] 0.18 80.51 6.51 } 12.97] 0.13 | 80.39 
10 14.96 85.04 11.00 8.14 | 0.04 80.82 9.72 9.23 | 0.04 | 81.01 
11 21.86 78.14 9.78 8.99 | 0.05 81.18 8.03 | 10.90} 0.02 | 81.05 
12 30.34 69.66 10.07 8.75 | 0.01 81.17 7.74} 11.21} 0.00 | 81.05 
13 27.12 72.88 12.03 6.72 | 0.05 81.20 | 10.49 8.34] 0.05 | 81.12 
14 29.72 70.28 10.70 8.06 | 0.05 81.19 9.58 9.03 } 0.06 | 81.33 
15 23.10 76.90 8.54} 11.01 | 0.04 80.41 7.10 | 12.21] 0.04 | 80.65 
16 24.52 75.48 9.50 9.91 | 0.01 80.58 7.79 | 11.46} 0.00 | 80.75 
17 30.72 69.28 10.78 8.67 | 0.04 80.51 8.44} 10.75] 0.03 | 80.78 
18 29.78 70.22 10.81 8.18 | 0.05 80.96 7.61 |] 11.39} 0.04 | 80.96 
19 20.81 79.19 12.02 6.84 | 0.03 81.11 9.75 9.38] 0.02 | 80.85 
20 13.00 87.00 7.37 | 12.34] 0.01 80.28 6.35 | 13.50} 0.01 | 80.14 
21 31.08 68 .92 10.58 9.17 | 0.07 80.18 8.22 | 11.36] 0.09 | 80.33 
22 33 .02 66.98 10.68 7.95 | 0.01 81.36 8.63 | 10.75 | 0.01 } 80.61 
23 55.20 44.80 8.23 | 11.92 | 0.04 79.81 6.63 | 13.17] 0.03 | 80.17 
24 32.15 67.85 10.96 8.84 | 0.01 80.19 8.58 | 10.93} 0.01 | 80.48 


analysis so far as the furnace is concerned it merely takes this air in and 
heats it. All the heat that is put into it appears in the gas leaving the 
furnace, the only difference being that there is a larger volume at a lower 
temperature. A failure to utilize this heat would then be due to im- 
perfections in the boiler. 

The arrangement given was, therefore, considered the more practical, 
because the furnace in question is not a separate piece of apparatus for 
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the purpose of heating gases, but is an integral part of the unit, and the 
heat in the gas below steam temperature is simply not available any more 
than that in the CO, which would ignite and burn if it were not cooled 
by the boiler tubes. On this basis any excess air taken by the furnace 


would increase the amount of heat unavailable, and this amount should 


TABLE 13. 
Heat BALANCE, BASED ON 1 LB. oF Dry COAL. 


Furnace Losses, B. t. u. per Lb. of Dry Coal 


: Unavoidable Loss, up to 
Heating Heat Controllable Loss 
Value of Absorbed Pemperataire af Ok 
Test 1 Lb. of ry 
Number Dry Coal Boiler 
B. t, u. B. t. u. “ to | Dueto | Due to 
ee oe Moisture He 
Weight off Coat | Coal 
Dry Gas i 
Col. No. 96 97 98 99 100 
a 50 
b 62 186 189 196 198 
1 10979 8054 590 257 431 271 106 753 
2 11537 7909 617 248 434 398 135 884 
3 11629 7433 629 234 439 364 136 1190 
4 11815 7327 623 250 446 867 118 704 
5 11933 7996 632 252 449 292 97 664 
6 11947 7986 637 246 447 201 28 819 
7 12408 7327 680 226 472 426 55 926 
8 11821 6880 616 230 441 641 47 753 
9 12292 7181 667 217 466 641 127 611 
10 12335 7889 676 236 469 355 28 451 
11 10954 6705 582 210 366 387 14 705 
12 11949 7249 647 232 454 379 0 909 
13 11876 8297 647 235 455 216 29 894 
14 12184 7889 662 231 459 317 39 976 
15 11748 7695 624 211 441 547 34 680 
16 12186 7414 662 216 461 464 0 728 
17 11921 7404 647 213 435 304 22 984 
18 11472 7249 607 214 432 267 30 1028 
19 12622 8336 691 191 566 221 13 836 
20 11179 7210 568 301 482 725 9 305 
21 10497 6618 581 335 483 290 59 787 
22 12103 7986 652 168 494 346 835 
23 12153 7297 681 245 526 568 27 1300 
24 11985 7695 640 295 496 337 a 574 


be charged against the furnace; that part above steam temperature not 
absorbed by the boiler should be charged against the latter. The air 
leakage loss should be charged to the boiler, because this air went through 
the setting, and not through the furnace. 


This treatment might have been made slightly more rigid by in- 


una able dices as a separate set of items charged up to. 
un as a whole, but in this case the efficiency of the unit would not 
e been the product of the boiler efficiency and furnace efficiency. Any 
rrangement that is made, however, is merely a matter of distribution 
and in no way affects the calculation of the losses themselves. 

Two items are given in the above heat balance which have not been 


TABLE 14. 
HEAT BALANCE (CONTINUED). 


Boiler Losses, B. t. u. per lb. of Dry Coal 


Above Temperature of Steam 


Test Radiation, 
Number Due to Conduction 
Due to Due to Air and 
Theoretical eee He- Leakage Unaccounted- 
Weight of in : for 
Dry Gas Coal Coal 
7 
Col. No 108 109 
a 
| b 224 226 
1 203 11 18 93 175 + 17 
2 198 9 16 127 146 + 416 
3 177 8 15 102 194 + 708 
4 236 11 20 329 129 + 755 
5 447 21 37 381 + 459 
6 353 16 29 112 179 + 894 
7 417 17 35 261 115 + 1461 
8 490 21 41 509 450 + 702 
9 463 18 39 445 545 + 872 
10 560 23 47 293 241 + 1067 
11 596 25 44 397 418 + 505 
12 655 28 55 383 603 + 355 
13 429 19 36 143 200 + 276 
14 467 20 39 224 190 + 671 
15 466 19 39 409 409 + 174 
16 590 23 49 414 462 T 703 
17 608 24 49 286 502 443 
18 571 24 48 251 688 + 63 
19 645 23 65 206 392 + 437 
20 495 31 50 635 374 -- 6 
21 515 36 52 256 451 + 34 
22 606 19 55 322 421 + 192 
23 553 25 53 460 544 — 126 
24 604 33 56 318 519 + 411 


calculated for this set of tests. They are the heat loss due to moisture 
carried in by the air, and the heat loss due to the temperature of the 
leaving ash. The moisture loss forms a very small percentage, and can 
not be determined with any very great degree of accuracy. It is true that 
the relative humidity may be found by means of a wet and dry bulb 
hygrometer, but this varies through a considerable range in different parts 


. it 
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of the room, and is so affected by purely local conditions that it was not 
considered of much importance. . 
It was not possible to obtain a satisfactory temperature of the ash. 
As it leaves the grate the ash is probably in the neighborhood of 1800° 
F. Part of this heat, however, is given back to the setting and to the 


TABLE 15. 


Heat BALANcE (CONTINUED.) 


Furnace Losses, Per Cent of Heat in Dry Coal 


Unavoidable Loss, up to 
Temperature of Steam Controllable Loss 
Heat 
Test Absorbed 
Number Per Cent 


Due to Due to Due to Waste ne to Due to. 


Theoretical] Moisture He ae) ombusti- 
Weight of } in in —— in ble in 
Dry Gas Coal Coal Gas Ash 
Col. No. 110 lil 112 113 114 115 116 
aa 
b 227 228 229 230 232 233 234 
1 73.36 5.37 2.34 3.93 2.47 0.97 6.86 
2 68.55 5.35 2.15 3.76 3.45 1.17 7.66 
3 63.92 5.41 2.01 3.78 3.13 1.17 10.23 
4 62.01 5.27 2,12 3.77 7.34 1.00 5.96 
5 67.01 5.30 2.11 3.76 2.45 0.81 5.56 
6 66.85 5.33 2.06 3.74 1.68 0.23 6.86 
7 59.05 5.48 1,82 3.80 3.43 0.44 7.46 
8 58.20 5.21 1.95 3.73 5.42 0.40 6.37 
9 58 .42 5.43 - Tee 3.79 5.21 1.03 4.97 
10 63.96 5.48 1.91 3.80 2.88 0.23 3.66 
11 61,21 5.31 1.92 3.34 3.53 0.13 . 6.44 
12 60 67 5.41 1,94 3.80 3.17 0.00 7.61 
18 69.87 5.45 1.98 3.83 1.82 0.24 . 7.52 
14 64.75 5.48 1.90 3.77 2.60 0.32 8.01 
15 65.50 5.31 1.80 3.75 4.66 0.29 5.79 
16 60.84 5.43 1.77 3.78 3.81 0.00 5.97 
17 62.11 5.43 1.79 3.65 2.55 0.19 8.25 
18 63.19 5.29 1.87 3.77 2.33 0.26 8.96 
19 66.04 5.47 1.51 4.48 1.75 0.10 6:62, 
20 64.50 5.08 2.69 4 31 6.49 0.08 2.73 
21 63.05 5.53 3.19 4.60 2.76 > 0.56 7.50 
22 65.98 5.39 1.39 4.08 2.86 0.06 6.90 
23 60.04 5.60 2.02 4.33 4.67 0.22 10.70 
24 64,20 5.34 2.46 4.14 2.81 0.06 4.79 


air entering the furnace. The ash leaving the pit was at a temperature 
of about 600° F., but the heat down to this point had not all been utilized 
because a large part of it was dissipated through the walls and door of 
the pit. The true temperature was probably somewhere between these 
two, but owing to the small size of the loss and the uncertainty regard- 
ing the temperature it was not considered worth while to calculate the loss. 


- “e 
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losses. In this figure the heat balances for five typical tests have been 
ted, from which it appears that the controllable losses due to the gases 
escaping at a temperature higher than that of the steam are in all cases 
less than the unavoidable losses up to the temperature of the steam. 
About the only method of diminishing these losses is by reducing the 


TABLE 16. 


Heat BALANCE (ContTINUED). | 


Boiler Losses, Per Cent of Heat in Dry Coal 


Above Temperature of Steam 
Test je teew ie 2 ee ee eae Radiation, . 


Number Due to Conduction 
Due to Due to Due to Duet Air and 
Theoretical | Moisture He Be Leakage Unaccounted- 

: Weight of in in Ace for 

4 Dry Gas Coal Coal nes , 

118 119 120 121 122 

j 

237 238 240 241 242 

1 1.85 0.10 0.16 0.85 1.59 0.15 
2 1.72 0.08 0.14 1.10 1,27 3.60 
3 1.52 0.07 0.13 0.88 1.67 6.08 
4 2.00 0.09 0.17 2.78 1.09 6.40 
5 3.75 0.18 0.31 1.72 3.19 3.85 
6 2.95 0.13 0.24 0.94 1.50 7.50 
7 3.37 0.14 0.28 2.10 0.93 11.70 
8 4.14 0.18 0.35 4.31 3.81 5.93 
9 3.77 0.15 0.32 3.62 4.43 7.09 
10 4,54 0.19 0.38 2.38 1.95 8.64 
11 5.44 0.23 0.40 3.62 3.82 4.61 
12 5.48 0.23 0.46 3.21 5.05 2.97 
13 3.62 0.16 0.30 1.20 1.68 2.33 
14 3.83 0.16 0.32 1.84 1.56 5.51 
15 3.97 0.16 0.33 3.48 3.48 1.48 
16 4.84 0.19 0.41 3.40 3.79 5.77 
17 5.10 0.20 0.41 2.40 4.21 3.71 
18 4.97 0.21 0.42 2.19 6.00 0.54 
19 §.12 0.18 0.52 1.63 3.11 3.47 
20 4.43 0.28 0.45 5.68 3.35 
21 4.91 0.34 0.50 2.44 4.30 0.32 
22 5.01 0.16 0.45 2.66 3.48 1.58 
23 4.55 0.21 0.44 3.79 4.48 
24 5.04 0.28 0.47 2.65 4.33 3.43 


excess air and eliminating air leakage, since these are the only factors 


which are not at a minimum. 
The largest loss seems to be due to the combustible in the ash. In 
a general way, however, where this is high, the excess air loss is low, 


tests No. 3 and No. 4 indicating this very well. 


he 
tm 
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Since the unaccounted-for loss includes the effects of various experi- 


mental errors, as well as radiation and conduction, it has no definite re- 
lation to the other losses. It can be reduced, however, by adequate heat 
insulation for the setting. 

A study of the boiler efficiency and furnace efficiency in Table 9 
will show that these two are very nearly the same, thus indicating that 


the losses are about equally distributed between them. ‘This should 


afford an easy means of checking them against each other, as any con- 
siderable loss in either one would immediately become apparent. 


V. Tests oN WEATHERED COAL. 


Five tests were run on weathered coal. As previously stated, this — 


fuel had been placed in bins in January 1908, and formed part of the 
series reported in Engineering Experiment Station Bulletin No. 38, 
“The Weathering of Coal,” by S. W. Parr and W. F. Wheeler. In Table 
17 may be found a statement of the kind of coal, the conditions of stor- 
age, heating value, and dust content of this fuel. The data concerning 
original size and heating value have been taken from Bulletin No. 38. 
From Table 17 it may be seen that from the physical standpoint, and 
in heating value, the coal had deteriorated considerably from its original 
condition, and that at the time of the tests it was in about the same class as 
the Mission Field screenings. A discussion of the physical and chemical 


TABLE wks 


DETERIORATION DUE TO WEATHERING. 


Jan. 1908 Jan. 1914 
Test B. t. u. Bots 
No. Per Cent per Lb. Per Cent er Lb. 
Coal set ae Dry Coal 7] Pasze Dry Coal 
ays After at Time of 
Screen Mining Screen Test 


20 Sangamon Co. Nut Open bin 


2 z 
21 Sangamon Co. Screenings Covered bin 26.3 11684 45.1 10497 
22 Williamson Co. Nut. Covered bin 1.4 12341 13.9 12103 
23 Williamson Co. Screenings | Covered bin 38.8 12287 42.9 12153 
24 Vermilion Co. Nut Open bin 13.6 12412 35.0 11985 
i a ee | 


properties, however, is outside of the scope of this work, it being con- 
cerned merely with the behavior of this fuel when used in a boiler 
furnace. 
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Since the samples were limited in quantity, these were necessarily 
short tests, but every effort was made to maintain uniform conditions, 
and particularly to have the fuel bed in the same condition at the start 
and close, thus reducing the chances of error as much as possible. An 
inspection of the heat balance will prove that no very serious error arose. 

As the coal appeared to be covered with a coating of ash or clay, it 
was expected that considerable trouble would be experienced in burning 
it. This, however, did not prove to be the case. On the first test the 7 
coal banked slightly at the water-back, and the whole amount on the — 
grate became clinkered. It immediately became evident that in order to 
run at all, the coal had to be kept away from the water-back. After the — 
clinker had been removed, a fresh start was made and care was taken to : 
keep the fuel bed from four to six inches away from the water-back. When 
this was done no further trouble was experienced. 

All of the tests on the weathered coal were run with a Y-inch fire — 
with the exception of test No. 21, which was run with a 61-inch fire © 
because the coal seemed to be broken up finer than the rest. In all cases” 
but one the fire burned white and did not require much attention. The 
exception was test No. 23. On looking up the firing record, it was” 
found that on this test the fire was rather cold and gave evidence of 
being. too thick. It was found also that the fire required considerable 
attention, having to be barred and raked much oftener than the rest. 
This process, of course, let in air and lowered the CO,. An inspection 
of the efficiencies in Table 9 will show that while the boiler efficiency 
compares favorably with the rest, the efficiency of the furnace and grate 
was low. Also, it appears from the heat balance that the loss due to com- 
bustible in the ash was high. A comparison of the dust in this coal 
with that in test No. 21 discloses the fact that they were very nearly the 
same. In that test a 614-inch fire was used and the results were satis- 
factory. These facts all lead to the conclusion that a %-inch fire was 
too thick in the case of test 23, and that the trouble encountered on this 
test should be charged against the lack of experience in handling the 
coal, rather than against the coal itself. The capacity obtained was also 
lower than in the other weathered coal tests. 

A comparison of the draft required for a given rate of combustion 
for the weathered coal with that for the Mission Field screenings is made 
in Fig. 31. Referring to this figure it becomes evident that more draft 
is required to produce a given rate of combustion with the former than 
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Fic. 31. Drarr REQUIRED FoR A GIVEN RATE OF COMBUSTION FOR WEATHERED 
Coat AND Mission FIELD SCREENINGS. 


| TABLE 18. 


Comparison oF Dust ContTENT, MISSION 
FreLtp SCREENINGS AND WEATHERED COAL. 


Mission Field Screenings Weathered Coal 


Per Cent Dust Test No. Per Cent Dust 


with the latter. That this is not caused by dust in the coal may be 
shown by Table 18 and Fig. 18. 
The dust content of the coals from which the two curves for the 
Y-inch fires were plotted is practically the same. In each case there were 
one or two tests in which the dust content was high, and the points rep- 
“ resenting these fell pee than the curve; i. e., point 12 was off of the 


*~ 


curve in Fig. 18, while in Fig. 31 points 21 and 23 were not on the 
curve. In Fig. 18 the points of.low dust content are below the curve 
for ?-inch fires, while in Fig. 31 all the points are above this curve, which 
is shown dotted. This seems to lead to the conclusion that the dust is 
not responsible for the high draft requirement. A possible explanation 
is that this coal is harder to ignite, owing to the partially oxidized con- 
dition indicated by the gray coating on the outside, and therefore it 
requires more draft than the Mission Field coal for a given rate of 
combustion. 

The efficiencies obtained from the weathered coal compare very fa- 
vorably with those obtained from the Mission Field coal. For the sake of 
convenience these have been tabulated for corresponding loads, and are 
shown in Table 19. The average for each set is about 64 per cent, the 
weathered coal showing an advantage at heavier loads. It is also worthy — 
of note that greater capacity was obtained with the weathered coal than 
with the screenings, the heat value of both being about the same. 

On comparing firing sheets, it was also found that on the whole, 
when weathered coal was being used, the fires required less attention, 
such as slicing and raking, than they did when fresh screenings were 
being used. 


TABLE 19. 


COMPARISON OF BOILER PERFORMANCES ON 
Mission FIELD AND WEATHERED COAL. 


Mission Field Coal Weathered Coal 
Efficiency of Effici *, 

Test Boiler HP. | page gney ot | Test Boiler HP. | por cacy. 0s 
No. Developed and Grate No. Developed and“Grate 

10 554.0 63.96 20 568 .5 64.50 

11 569.6 61.21 21 557.2 05 

12 572.7 60.67 22 727.1 65.98 
BRS oh | oe Vag se: 

c 24 655.0 
15 506.6 65.50 Weis 
16 644.0 60.84 t 


VI. Summary AND CONCLUSIONS. 


General Conclusions—1. The over-all efficiency of the unit tested, 


under the average conditions which prevailed during the tests, and when ~ 


: a “The best thickness of fire for Mission Field screenings is about 


Yor 7 inches, depending upon the amount of fine material in the coal. 


3. The maximum capacity developed was 768 boiler horsepower. 
This was obtained from pea coal with a ?-inch fuel bed and a draft 
over the fire of 0.375 inches of water. 

4. The best rate of combustion is about 26 pounds of dry coal per 
sq. ft. of grate surface per hour. The drafts over. the fire required to 
give this rate are as follows: 0.18 in. water for a 6-in. fire, 0.22 in. water 
for a 7-in fire, 0.29 in. water for an 8-in. fire, and 0.52 in. water for a 
914-in. fire. 

5. The greatest losses were due to combustible in the ash, excess 
air, and air leakage. 

6. The smallest loss was that due to the formation of CO. 

7. With the exception of the air leakage loss, which can be prac- 
tically eliminated without affecting any of the others, the rest of the 


_ losses are to some extent interrelated, and there are certain well defined 


limits within which the excess air must be maintained in order to re- 
duce the others to a minimum. This is approximately 30 to 40 per cent. 

8. The sum of the excess air loss and the loss due to combustible 
in the ash was nearly constant. It amounted to about 14 per cent, and 
a decrease in one source of loss could be accomplished only by an increase 
in the other. Hence the formation of CO was the factor having the 
greatest bearing on the extent to which excess air could be reduced. The 
latter could be decreased until CO appeared in excess. 

9. The percentage of CO, depends to some extent on the attention 
required by the fire. The CO, was low on the tests during which the 
side door had to be frequently opened in order to allow barring and 
raking of the fire. 

10. The form of baffling shown in Fig. 1 and used on these tests 
makes the maintenance of high furnace temperatures possible, and re- 
duces the amount of smoke formed. 

11. This form of baffling gives trouble due to the difficulty in re- 
moving the soot which collects in the corner where the first baffle joins 
the tile roof of the furnace. 

21. Conclusions Relative to Weathered Coal—i12. Burning weath- 
ered coal is largely a question of correct handling and ignition. Un- 
der these circumstances it gives as good results as fresh screenings. It 


rast eal with re a fee er iriy in PA Bi 
must also be noted that from the physical and ‘chemical standp 
; original fuel had deteriorated and that at the time it was u used 
on a basis of equality with the Mission Field screenings. _ 
13. Weathered coal ene a little thinner fire and ps a 
than fresh screenings. : 


14. When using weathered coal the fuel bed should not approach — 
any nearer to the water-back than from 4 to 6 inches, otherwise trout ble d 
with clinker is experienced. ’ 

15. Practically as high capacity was obtained with weathered coal — 
as with the other coals used, and, if anything, the fuel bed required aa 
attention. 


ae 


APPENDIX. 


ForMvLas AND Forms ror Catcunatine Borer TRrats. 


Owing to the fact that the adding machine probably is the only 
type of calculating machine on which more than one mathematical process 
can be performed without resetting, it has been considered advantageous 
to arrange the code employed in calculating the results of these tests so 
that each item contains but one such process, except in the case of addi- 
tions. A complicated formula may, therefore, be spread out over a num- 
ber of items in the code. This form is convenient when a large number 
of tests are to be calculated, in that all like operations are grouped, so 
that in many cases a saving can be made in the number of resettings 


_ required on the machine. The code can also be arranged in columnar 


form, with the mathematical operation indicated at the head of each 
column, and the calculations may be made by a clerk having little knowl- 
edge of the technical significance of the processes involved. In such 
cases, however, considerable care must be exercised, and plus and minus 
signs rigorously observed. 

Since, in the main, the methods of calculation recommended in the 
American Society of Mechanical Engineers’ Boiler Code have been fol- 
lowed, it will not be necessary to discuss all of the items. In some cases, 
however, a departure has been made, and it has been thought advisable 
to take up these items and discuss the methods and formulas used in their 
calculation. In the following discussion the numbers refer to the cal- 
culating code given on pages 62 to 72. 


Item 29. Weight of Combustible Consumed. 


' It is usual to regard all of the coal as combustible, after deducting 
the ash and moisture. This being the case, the weight of combustible 


), in which W is the weight of dry 


fired on the grates is W ( i : 
100 


coal and a the percentage of ash taken from the analysis of the dry coal. 
Of this combustible, part goes through the grate in the form of uncon- 
sumed carbon. No essential error is made in regarding all of the com- 


bustible in the ash as carbon. Then the actual weight is ae, where W, 


’ ay ae z 


nt P the 4 - ww, 
56 ILLINOIS ENGINEERING EXPERIMENT STATION _ 


is the actual weight of ash and refuse, and ¢ is the percentage of carbon 


taken from an analysis of the ash and refuse. Therefore: 


= e ) a Item 29 i times simply taken as the 
Item 29 = w(1 = 00! 00° os is someti ply 


difference, (W—W,). This is in error, however, because all of the ash 


coming from the coal consumed may not appear in the weighed ash and 


refuse, for part of it is carried over the bridge wall in the form of fine 
dust. A larger source of error, however, is due to the fact that the fuel 
bed itself may contain more or less ash at the close than it did at the start 
of the test. Owing to this cause it is found that the result obtained by 
the simple subtraction is sometimes greater and at other times less than 
that obtained by making use of the analyses as outlined above. 

Items 31 to 55. Coal analyses. 

Where analyses are made direct on the samples of coal as fired, and 
both proximate and ultimate analyses reported by the chemist, the cal- 
culations included here are unnecessary. In the present case, however, 
the samples were partly dried before they were sent to the chemist, and 
the ultimate analyses were calculated from the individual proximate 
analyses and a composite ash, sulphur, and moisture free analysis. 

In order to reduce the analyses as reported by the chemist to terms 
of coal as fired, each constituent had to be multiplied by the factor, 

per cent moisture lost before analysis 
Sen 100 


The separate ultimate analyses were then obtained by multiplying 
each constituent in the composite ash, sulphur, and moisture free analysis 
by the factor, 


— per cent ash in dry coal+-per cent sulphur in dry coal 


100 ), which was ob- Bes 


tained from the individual proximate analyses. The ash and sulphur in 
the dry coal were obtained by dividing the ash and sulphur in coal as 
fired by the factor, 

per cent moisture in coal as fired , 
ie: 700 ie 

Item 110. Corrected total weight of water fed to boiler. 

The ultimate object of a boiler trial is to find the relation existing 
between the heat taken up by the boiler, and the heat supplied in the coal. 
It is, therefore, in reality a heat analysis. Since, however, items are not 


4 


. 


i Btaded in 1 the Fosidan code whereby hese’ heat quantities may be 
separately tabulated, any heat with which the boiler is debited or credited 
that is not directly included in the weight of coal or water must be re- 
duced to terms of one of these two, and added to or subtracted from the 
actual weighed amount. In order to put them into shape so that they 
may be conveniently handled in subsequent calculations, the usual method 
_ is to reduce all such quantities to terms of water. The following are 
some of the items that must be taken account of in this manner: (1) 
difference in water level at the start from that at the end of a test, 
(2) difference in pressure at the start from that at the end, (3) leak- 
age from blow-off, etc., (4) heat going into the circulating water from 
the water-back in case it is not returned to the feed water at a point 
closer to the boiler than that at which the temperature of the latter is 
taken. Of these, No. 1 and No. 2 can be combined and treated under 
two heads. 

Let W = weight of water in the boiler. 

q = heat of the liquid. 
r = latent heat of steam. 

«= quality of steam. 

Also let the subscript 1 refer to initial, the subscript 2 to the final, 
and the subscript 0 to average conditions in the boiler, and the subscript 
3 to feed water conditions. 

If the water level is higher at the close than at the start, the heat 
that has gone into the excess water, and into the change in the heat of 
the liquid due to the change in pressure, is the difference between the 
total heat in the water in the boiler at the close and that at the start. 
Or, taking all heat quantities above that of the liquid at feed water tem- 
perature it is: 


: 
4 
; 
. 


WA 95) 5 (Gp=<0,)- 
The water that this amount of heat would have evaporated into steam 
We — 43) — W,(%— 4) 
Yo + LT — Fs 
This should be credited back to the boiler, after the difference be- 


tween final and initial weights of water has been subtracted; or writing 
the total correction to automatically take care of signs, and calling the 


correction W’, 
W, (a5 493) — We (Gu-99) ; I 


W => (W5—-W.) ManwagGe-Prate a fete, (oat eta) tela wale 0 'e sa 


as generated is; 


The case in which the water level is lower at the close than at the 
start is somewhat different from the above. In this event, all of the water — 
in the boiler at the close of the test has been changed from a heat state 
represented by q,, to one represented by g,, while a weight corresponding © 
to (W,—W,) has been evaporated. Since we do not know the exact 
conditions under which the latter took place, about the only assumption 
warranted is that it took place under the average conditions of the test. 
The total heat change to be taken into account then is: 

Ws (d2— 91) + (Wi— We) (Go + 2oto— 91)- 

Calling the equivalent amount of water, or the correction, W”, 

W, CE =) (Wa = Ws) oe ere 41) 
Jo + Loto — Ys 

On expanding equations I and II, and collecting the terms, it be- 

comes evident that they both reduce to the same expression, which is: 
(Go + Soto — G1) — Wa (dot tofo— G2) Ill 
Yo + Lolo — Ys 

Equation III has been made use of in the code for the combined cor- 
rections for changes in pressure and water levels. In case a blow-off leaks, 
or hot water is lost from any other point in the boiler, the heat loss may 
easily be seen to be W, (q, — q3), in which W, = the weight of water leak- 
ing out. The correction then is: 


wr =f We (do~ 4s) |-™. 


WY =n eee eee cee II 


Ww’ = W, 


Yo + Ly To — Ys 
If the water back forms part of the circulating system of the boiler, 
or the water is returned at a point nearer to the boiler than that at which 
the temperature of the feed water is read, no account need be taken of it. ~ 
If this is not the case, however, the water back should be regarded as” 
part of the heating surface of the boiler, and the heat going to it credited 
to the latter. 


Let W, = weight of water going through the water back, and 4; its 
initial and ¢, its final temperature. Then the correction, WY, is 


W, (ty ao t;) 
Yt UWre—|s 


Designating by W the total amount of water weighed to boiler, cor- 
rected for tank levels and items which do not include heat quantities, 
Item 110=W+W”"+ WV Wy. 


EE ee ae eee ee. ae 
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Item 111. Factor of evaporation. 

In this code the water evaporated has not been reduced to dry steam 
and the dry steam then reduced to equivalent evaporation, but the reduc- 
tion from steam as generated to equivalent evaporation has been made 
in one step, making use of the “total” or “true” factor of evaporation): 


pa Jot Dh % 
970.4 : 


. in which ¥' = factor of evaporation, g,=heat of the liquid at boiler 

i pressure, 2) = quality of steam, r, = latent heat at’ boiler pressure, and 
73 = heat of the liquid at feed water temperature. 

| Item 126. Heat available for use by the boiler. 

The heat available for use by the boiler has been regarded as all of 
the heat in the gas leaving the furnace, computed above the temperature 
of the steam in the boiler. This is equal to the heating value per pound 
of dry coal minus the furnace losses per pound of dry coal, up to the 
temperature of the steam in the boiler. 

Item 1338. Efficiency of boiler, furnace, and grates, based on zero 
air leakage. 

This is an hypothetical quantity that permits of no rigid solution, 
and has been partly discussed on page 21. Of a number of possible 
assumptions the following seem to be the most tenable. All of the heat 
supplied to the boiler comes from the heat in the coal (H). A certain 
portion of this (H,) is absorbed by the water in the boiler, and the rest 
goes to losses, of which the air leakage loss (H,) is one. If there had 
been no loss due to air leakage, the heat (H,) would have been available 
for absorption by the water. Since this process would not have taken 
place at 100 per cent efficiency, it seems reasonable to assume that it 
would have done so at the efficiency of the boiler alone. If we designate 
the latter by (e), then the probable heat absorption would have been: 


H+ eH, 
H, + eH,, and Item 133 as mame 


Item 158. Theoretical weight of dry gas per Ib. of dry coal. 

Theoretically the gas given off per lb. of dry coal should consist of 
the sum of the products of combustion of the carbon and sulphur in the 
coal, plus the nitrogen carried in with the air necessary for the complete 
combustion of all the combustible constituents, including the hydrogen, 
plus the nitrogen in the coal. Since some of the oxygen for combustion 
came from the free 0, in the coal, the nitrogen equivalent of this should 
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“i 


be deducted from the above. Letting C = per cent carbon in dry coal, 


S=per cent sulphur, H, = per cent hydrogen, N,=per cent nitrogen, 
and O, = per cent oxygen, the corresponding weights of each constituent 


in the dry coal will be 1/100 of each of the above. 

From the stoichiometric relations, the sum of these products of com- 
bustion may now be deduced, or 

Item 153 = 0.1261 (C’) + 0.0535 (S) + 0.268 (H,).+0.01 (N,) — — 
0.0335 (0,.). 

Item 162. Actual weight of dry gas per lb. of dry coal. 

This calculation is based on the fact that all of the carbon in the 
coal which was actually burned, appears in the gas. 


If CO,, CO, and O, represent the parts by volume of the constituents — 


in a given volume of flue gas, the parts by weight may be found by mul- 
tiplying the above by their corresponding molecular weights. The sum 
of these relative weights in the flue gas is, 44 (CO,) +28 (CO+WN,) + 
32 (0,). The relative weight of the C in the same volume is 12 (CO, + 
CO). Hence the weight of gas per lb. of carbon consumed is: 


44 (CO,) +28 (CO +N) +32 (0,) 
12 (CO, + CO) 


11 (GO;)--'7 (CO+ Nay 8 (02) 
3 (CO, +CO) 

Since NV, is always determined by difference: NV,=100— (CO, + 
CO-+0,), and the above reduces to: weight of gas per lb. carbon con- 
4 (CO,) +0, + 700 

3 (CO,+ CO) 
Let W, = weight of dry coal fired, W, = weight of ash and refuse, 


sumed = 


(a) = per cent carbon in dry coal and (b) per cent carbon in ash. Ther” 


the weight of carbon actually consumed per lb. of dry coal= 
0.01W,a —0.01W,b 
Ww, 
= (W,a— W,b) He (CO,) + 0, + 700 ] 
W, 3 (CO, + C0) 


, and Item 162 = 


This is slightly in error due to the fact that SO, is formed from the _ 


sulphur in the coal. Part of this is absorbed by the water in the sampling 
apparatus, while some of it probably goes into the KOH pipette, and thus 


appears in the analysis as CO,. It would be rather difficult to determine — 


the weight of NV, per lb. of carbon consumed = 


te. 
Ltem 174. Theoretical weight of air per 1b. of dry coal. 
‘This can be calculated directly from the stoichiometric relations 


and the analysis of the coal. 


If C, H,, 8, and O, represent the percentage by weight of the vari- 
ous constituents in the coal, then the weight of O, required is 0.0267 (C) 
+ 0.08 (H,) + 0.01 (8) —0.01 (O,), and, 


0.0267 (C) +0.08 (H,) + 0.01 (8) — 0.01 (0,) 
0.23 


0.116 (C) + 0.348 (H,) + 0.0435 (S—O,). 

Item 177. Actual weight of air per 1b. of dry coal. 

All of the NV, appearing in the gas, with the exception of that already 
in the coal, came from the air taken into the furnace. By a line of rea- 
soning similar to that discussed under Item 162, it may be shown that 

7 (N2) 

3 (CO,+C0) 
N, 
0.33, (CO, + CO) 


Item 1%74= 


Then the weight of air per lb. of carbon consumed = 


| Taking the weight of carbon consumed per lb. of dry coal from the dis- 
- cussion under Item 162, 


’ Item 177 = | 


0.01 (W,a— W,b) 1 [ N, 
W, 0.33 (CO, + CO) 


~ Draft at end of combustion chamber, in. water. "S4 


- Weight of carbon in ash, lb.; (Tiem 25)..(Item. 56) ais * 


¥ 7 eS : _ ’ 
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FORMS FOR CALCULATING BOILER TRIALS. 


Test number. = 

Date. : 

Duration, hrs. 

Grate surface, sq. ft. 

Water heating surface, sq. ft. 

Barometer reading, inches of Hg. 

Atmospheric pressure, Ib. per sq. in.; 0.491 (Item 6). 
Steam pressure, lb. per sq. in. gage. 

Steam pressure, lb. per sq. in. absolute; (Item 8) + (Item 
Draft between damper and boiler, in. water. As 
Draft at end of 3rd pass, in. water. a 
Draft between 1st and 2nd pass, in. water. . 


Draft over fire in furnace, in. water. 

Draft in ash pit, in. water. 

Temperature of outside air, deg. F. 
Temperature of fire room, deg. F. 

Temperature of steam, deg. F. 

Temperature of feed water, at boiler, deg. F. 
Temperature of ash, deg. F. 

Temperature of gas escaping from boiler, deg. F. 
Weight of coal fired, lb. 


Item 41 ) 
100 : 
Weight of dry coal fired, Ib.; (Item 22) (Item 23). 
Total ash and refuse, lb. 
Item 55 ) : 
100 © ; f 
Weight of combustible fired, lb.; (Item 24) (Item 26). 


(i— 


ee 


100 
Weight of combustible consumed, lb.; (Item 27) — (Item 28). 


- ood _- [ 
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_ ee eae . 
(30) Per cent ash and refuse in dry coal aay X 100. 


_ PROXIMATE ANALYSIS (COAL AS RECEIVED BY CHEMIST). 
(81) Fixed carbon, per cent.. 
Volatile, per cent. 
Moisture, per cent. 
Ash, per cent. 
Sulphur (separately determined), per cent. 
Moisture loss previous to sending to chemist, per cent. 
(Item 36) _ 
7 ior 


PROXIMATE ANALYSIS (COAL AS FIRED). 


Fixed carbon, per cent; (Item 37) (Item 31). 
Volatile, per cent; (Item 37) (Item 32). 
Moisture (as received by chemist reduced to coal as fired), per 
cent; (Item 37) (Item 33). 
Total moisture in coal as fired, per cent; (Item 40) + (Item 36). 
(42) Ash, per cent; (Item 37) (Item 34). 
(43) Sulphur (separately determined), per cent; (Item 37) (Item 
35). 
| 


1 


(44) Carbon, per cent. 
(45) Hydrogen, per cent. 
(46) Oxygen, per cent. 
(47) Nitrogen, per cent. 
(48) (Item 54) + (Item 55). 


_ (Item 48) — 
100 
ULTIMATE ANALYSIS (DRY COAL). 


(50) Carbon (C), per cent; (Item 49) (Item 44). 
(51) Hydrogen (H,), per cent; (Item 49) (Item 45). 
(52) Oxygen (O,), per cent; (Item 49) (Item 46). 
(53) Nitrogen (N,), per cent; (Item 49) (Item 47). 


_ (Item 43) 
(54) Sulphur (8), per cent; Geo 93y * 


ee (item 42), 
(55) Ash, per cent; Sita 24). 


(49) 1 


ge © eee 
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_ ANALYSIS OF ASH (pRY). 
Carbon, per cent. 
Earthy matter, per cent. 


ie (Item 24) — 
7. (Ltemn “) ~ 
__(Item 29). 
> (Item 3) 


Dry coal fired per hour, | 


Combustible consumed per hour, lb. 


_ (Item 58)_ 

>"(Item 4) — 

Combustible per sq. ft. of water heating surface per hour, lb.; 

. (Item 59) 7 
(Item 5) 3 

Calorific value per lb. of dry coal, by calorimeter, B. t. u. 

Calorific value per lb. of combustible, by calorimeter, B. t. u.5 
(Item 62) 7% 
(Item 26) ; 

Temperature in atmospheric side of calorimeter, deg. F. 

Superheat in calorimeter, deg. F; (Item 64) — 211.5. 

Quality of steam (a,); from Marks and Davis chart. 

Total weight of water, from weighing tanks, lb. 

Initial height in feed tank, in. 

Final height in feed tank, in. 

(Item 68) — (Item 69). 

Weight of water per inch of tank, lb. 

Feed tank correction; (Item 70) (Item 71). 

Initial height of water in gage glass, in. 

Final height of water in gage glass, in. = 

Initial steam pressure, lb. per sq. in. gage. 

Initial steam pressure, lb. per sq. in. absolute; (Item 75) 
(Item 7). 

Final steam pressure, lb. per sq. in. gage. 

Final steam pressure, lb. per sq. in. absolute; (Item 77) + 
(Item 7). 

Density of water at initial pressure, lb. per cu. ft. 

Density of water at final pressure, lb. per cu. ft. 

Initial volume of water in boiler, cu. ft. 

Final volume of water in boiler, cu. ft. 


Dry coal per sq. ft. of grate surface per hour, lb. 


ey 


Heat of the liquid at initial steam ee (i)s Bs te 
Heat of the liquid at final steam pressure (q,), B. t. u. 


Heat of the liquid at average steam pressure (q,), B. t. u 


Heat of the liquid at feed water temperature (q;), B. t. u 


Latent heat at average steam pressure (r,), B. t. u. 


Weight of water to water-back, Ib. 

Temperature of water entering water-back, deg. F. 
Temperature of water leaving water-back, deg. F. 

Total weight of hot water leakage from blow-offs, etc., lb. 
Lo"; (Item 66) (Item 89). 

Jo +r; (Item 94) + (Item 87). 

Gq) 2,1, 0, ;-(ltem 95) — (Item 85). 

Was ot 2% 9.) 5 (Item. 83) (litem 96). 

G.-t Sf = Gs, (item 95) — (Item 86). 

Ws (% + 2% — 2) ; (Item 84) (Item 98). 


Wy (% T Lolo — 91) — We (Go + 2% — Je) 5 (Item 97) — (Item 


99). 
Jo + Tory — 9g3 (Item 95) — (Item 88). 
} (Item 100) 
Correction for pressure and boiler level, lb. ; “(Item 101) fem 101) : 
(Item 92) — (Item 91). 
(Item 90) (Item 103). 
-, (Item 104) 
Water-back correction ; Ata a0ry. 
(Item 87) — (Item 88). 
(Item 106) (Item 93). 
Item 107 
Steam equivalent of blow-off leak; te 0H} a 
Correction for leakage from blow-off, etc.; (Item 93) — (Item 


108). 
Total weight of water to boiler, corrected; (Item 67) + (Item 
72) + (Item 102) + (Item 105) + (Item 109). 


(Item 101) 


Factor of evaporation ; ——g75 4° 


Pore wa | 


a 
2: 


a 


Equivalent evaporation per hr., lb.; (item 112) | i ei 
(Item 3) 
Equivalent evaporation per sq. ft. of water heating wt per 
(Item 113) 


zi ees (Item 113) 
em 


Horsepower developed ; 345 


Builder’s rated horsepower. 

Percentage of builder’s rating developed, per cent; 
(Item 115) 

(Item 116) ae 


Water apparently evaporated per lb. of coal fired, lb. ; Con 


?(Item 22) 
(Item 112) 
Equivalent evaporation per lb. of coal fired, Ib.; > (Item 22) . 
_ (Item 112) | 
Equivalent evaporation per lb. of dry coal, lb.; (Item 24) 
Equivalent evaporation per lb. of combustible consumed, lb.; 
(Item 112) 


(Item 29) 
Heat absorbed by boiler per lb. of combustible consumed, B. t. u.; 
970.4 (Item 121). | 
Efficiency of boiler and furnace excluding grate, per cent ; 
(Item 122) 
(Item 63) - 
Efficiency of boiler, furnace, and grate, per cent; 
(Item 186) 
(Item 62) 
(Item 189) + (Item 196) + (Item 198) + (Item 204) + (Item 
206) + (Item 209) + (Item 211) + (Item 214). : ; 
Heat available for use by boiler, B. t. u.; (Item 62) — (Item 
125). 


100 


100 


(Item 126) 


Efficiency of furnace and grate, per cent; 100 (item 62)" 


Eficieny of furnace, per ey 10 
> (item 224) (Item 128) 


a8 (Item 186) 
(Ttem 126)" 


0 (Item 126) — 
(Item 129) 


100 
(Item 186) + (Item 131). 
Over-all efficiency based on zero air leakage, per pass 
(Item 132) 
(Item 62)" 
Cost of coal per ton of 2,000 Ib., dollars. 
Tons of coal per 1,000 lb. of water apparently evaporated; 
0.5 
(Item 118) ; 


100 


Cost of coal to evaporate 1,000 lb. of water under observed con- 


ditions, dollars; (Item 134) (Item 135). 
Tons of coal per 1,000 lb. of water eeeromniee from and at 212°F.; 
0.5 
(Item 119) 
Cost of coal to evaporate 1,000 lb. of water from and at 212°F., 
dollars; (Item 134) (Item 137). 


ANALYSIS OF DRY GAS AT FURNACE. 


CO.,, per cent. 

O,, per cent. 

CO, per cent. 

N, (by difference), per cent. — 


ANALYSIS OF DRY GAS AT FLUE. 


CO,, per cent. 

O,, per cent. 

CO, per cent. 

N, (by difference), per cent. 
0.1261 (Item 50). | 
0.0535 (Item 54). 

0.268 (Item 51). 


O 
y) 


via We Ap ee 


i oly 4 
“é meme 


(150). 
(151) 
(152) 
(153) 


Py 


(154) 
(155) 
(156) 
(157) 


=2( 158) 


(159) 


(160) 
(161) 


(162) 


(163) 
(164) 
(165) 
(166) 
(167) 


(168) 


(169) 
(170) 
(171) 
(172) 
(173) 
(174) 


(175) 


Total weight of carbon fired, lb.; 


Actual weight of gas per lb. of dry coal, at furnace, lb.; : (tem 


a EN GIN EE 
y 


7 
¥ 


"0; or (Item 53 53). 
0.0335 (Item 52). . 
(Item 147) + (Item 148) + (Item 149) + ‘ead 150 om 
Theoretical dry gas for complete combustion per lb. of 
Ib.; (Item 152) — (Item 151). a A nm 
4 ore 139). 
(Item 154) -+ (Item 140) + 700. 
(Item 139) + (Item 141). 
3 (Item 156). 
Actual weight of dry gas per lb. of carbon consumed, at furna 
(Item 155) _ 
>“(Item 157) 


lb. ; 


(Item 24) (Item 50) 

100 

Weight of carbon consumed, lb.; (Item 159) — (Item 28). 

Weight of carbon consumed per Ib. of dry coal fired, bs 
(Item 160) 
(Item 24) 


161) (Item 158). 
4 (Item 143). 
(Item 163) + (Item 144) + 700. 
(Item 143) + (Item 145). 
3 (Item 165). a, 
Actual weight of gas per lb. of carbon consumed, e flue, Ib.5 
(Item 164) ‘ 
(Item 166) | ~ 
Actual weight of dry gas per lb. of dry coal, at flue, lb.; 5 (Ttem 
161) (Item 167). 
0.116 (Item 50). 
0.348 (Item 51). 
(Item 52) — (Item 54). 
0.0435 (Item 171). 
(Item 169) + (Item 170). 
Theoretical weight of air per lb. of dry coal, for ae combus- 
tion, lb.; (Item 173) — (Item 172). 
0.33 fltan 156). 


& 


ia 


to 
; 
- 


= 


i OF BOILER ‘Losses . 


a oat 
(Item ae 


‘Actual weight of air per lb. of dry coal, at furnace, lb.; (Item 
sa 


161) (Item 176). 


7 ® 
0.33 (Item 165). 


Actual weight of air per lb: of carbon consumed, at flue, lb.; 


(Item 146) 
(Item 178) i 
_ Actual weight of air per lb. of dry coal, at flue, lb.; (Item 161) 
X (Item 179). 
Weight of air leakage, per lb. of dry coal, lb.; (Item 180) — 
(Item 177). 
Weight of excess air per lb. of dry coal, at furnace, lb.; (Item 
177) — (Item 174). 


Per cent excess air, at furnace; 100 aay 


Weight of excess air per lb. of dry coal, at flue, lb.; (Item 180) 
— (Item 174). 


: : (Item 184) 
Per cent excess air, at flue; 100 (item 174) tem 174) 


HEAT BALANCE. 


Heat absorbed by boiler per lb. of dry coal, B. t. u.; 970.4 (Item 
120). 

(Item 18) — (Item 17). 

0.24 (Item 153). 

Loss due to theoretical gas up to temperature of steam, B. t. u.; 
(Item 188) (Item 187). 

212 — (Item 17). 

(Item 18) — 212. 

0.5 (Item 191). 

970.4 + (Item 190) + (Item 192). 

0.01 (Item 22) (Item 41). 
(Item 194) 
(Item 24) 

Loss due to moisture in coal, up to steam temperature, B. t. u.; 
(Item 195) (Item 193). 
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0.09 (Item 51). 


(Item 24) 


(Item 197) (tian 193). 
Wet bulb reading, deg. F. 
Dry bulb reading, deg. F. 2 
Grains of moisture per lb. of air (from Carrier’s chart). 
(Item 201) 
7,000 
Moisture from air per lb. dry coal, lb.; (Item 177) (Item 202). 
Loss due to moisture in air, up to steam temperature, B. t. u.; 
(Item 203) (Item 193). 
0.24 (Item 182). 
Loss due to excess air, up to steam temperature, B. t. u.; (Item 
205) (Item 187). 
(Item 145). 
(Item 165) 
10,140 (Item 207). 
Loss due to CO formed, B. t. u.; (Item 208) (Item 161). 
(Item 28) 


Lb. moisture per lb. air; 


if 


3 
Loss due to combustible in ash, B. t. u.; 14,540 (Item 210). 1 
(Item 20) — (Item 17). ; 
0.28 (Item 212). 
Loss due to temperature of leaving ash and refuse, B. t. u.; ' 
0.01 (Item 30) (Item 213). 
(Item 21) — (Item 18). : 
Loss due to theoretical dry gas, above steam temperature, 3. 
t.u.; (Item 215) (Item 188). 
0.5 (Item 215). q 
Loss due to moisture in coal, above steam temperature, B. t. u.; ae 
(Item 195) (Item 217). : 
Loss due to H, in coal, above steam temperature, B. t. u.; ; (Item 
197%) (Item 217). : 
Loss due to moisture in air, above steam temperature, B. t. u.; | 
(Item 203) (Item 217). 


Loss due to excess air, above steam temperature, B. t. u.; ; (Item 
215) (Item 205). 


—— ee ee 


ir fines total, B. t. u.; (Item 181) (Item 223). 
(Item 186) + (Item 216) + (Item 218) + (Item 219) + quae 
220) + (Item 221) + (Item 224). 

{ "Radiation, conduction, and unaccounted-for loss, B. t. u.; (Item 
126) — (Item 225). 


100 (Item 186) | -, 
(Item 62) 
Loss due to theoretical gas, up to steam temperature, per cent; 
100 (Item 189) 
mca 
Loss due to moisture in coal, up to steam temperature, per cent; 
100 (Item 196) 
(Item 62) 
Loss due to H, in coal, up to steam temperature, per cent; 
100 (Item 198) | 
(Item 62) 
(231) Loss due to moisture in air, up to steam temperature, per cent; 
100 (Item 204) _ 
(Item 62) 
(232) Loss due to excess air, up to steam temperature, per cent; 
100 (Item 206) 
(Item 62) 


(233) Loss due to CO formed, per cent; 


7) Heat absorbed by boiler, per cent ; 


100 (Item 209) 
(Item 62) 
100 (Item 211) 
(Item 62) 
(235) Loss due to temperature of ash and refuse, per cent; 
100 (Item 214) 
: (Item 62) 
(236) Loss due to theoretical gas, above steam temperature, per cent; 
: 100 (Item 216) 
: (Item 62) 
(237) Loss due to moisture in coal, above steam temperature, Per cent ; 
. 100 (Item 218) - 
(Item 62) 


(234) Loss due to combustible in ash, per cent; 


ups Toss ae to Hy in? Le y 
100 (Item m 219) ‘ 
(Item 62) — 
(229) 88 due to moisture in air, : ae 
“on 100 (Item fat 


—— 


" (Item 62) | 
+ (240) Loss due to excess air, above steam tem 
100 (Item 221). 

~_= (Item 62) 


(241) Loss due to air leakage, total, per cout; 


(242) Radiation, conduction, and unaccountedfor Loss 
100 (Item 226). : 
(Item 62) | ee 5 


